Photonuciear  Data  - Abstract  Sheets 
1955  - 1982 

Volume  IX  (Nickel  - Gallium) 


U.S  DEPARTMENT  0-  COMMERCE 
National  Bureau  or  Standards 
National  Measurement  uaboraicrv 
Carter  for  Radiation  Research 
Gaithersburg,  MD  20S99 


August  1S85 


.t  or 


co 


U.S.  DEPARTMENT  OF  COMMERCE 

NATIONAL  BUREAU  OF  STANDARDS 

&o 

vbo 

uTfc 


' -w» 


NBSIR  83-2742 


PHOTONUCLEAR  DATA  - ABSTRACT  SHEETS 
1955  - 1982 

VOLUME  IX  (NICKEL  - GALLIUM) 


E.  G Fuller,  Henry  Gerstenberg 


U S.  DEPARTMENT  OF  COMMERCE 
National  Bureau  of  Standards 
National  Measurement  Laboratory 
Center  for  Radiation  Research 
Gaithersburg,  MD  20899 


August  1 985 


U S.  DEPARTMENT  OF  COMMERCE,  Malcolm  Baldrige,  Secretary 

NATIONAL  BUREAU  OF  STANDARDS,  Ernest  Ambler,  Director 


TABLE  OF  CONTENTS 


Table  of  Contents  

Introduction 

Nickel  (Natural) 

Nickel  (A=58)  

Nickel  (A=60)  

Nickel  (A=61)  . . 

Nickel  (A=62)  

Nickel  (A=64)  

Copper  (Natural ) 

Copper  (A=59)  

Copper  (A=60)  

Copper  (A=61)  

Copper  (A=C3)  

Copoer  (A=65)  

Zinc  (Natural) 

Zinc  (A=64)  

Zinc  (A=66)  

Zinc  (A=67)  

Zinc  (A=68)  

Zinc  (A=70)  

Gallium  (Natural)  

Gallium  (A=66) 

Gallium  (A=69) 

Gal  1 ium  (A=71 ) 

Definitions  of  Abbreviations  and  Symbols 


i 

1 

o 

J 

61 

115 

177 

183 

205 

215 

325 

329 

333 

337 

4C1 

435 

461 

507 

531 

535 

551 

555 

563 

567 

577 

585 


i 


Photonuclear  Data-Abstract  Sheets 
1955-1982 


I.  Introduction 

As  used  in  connection  with  this  collection  of  data-abstract  sheets,  the  term 
photonuclear  data  is  taken  to  mean  any  data  leading  to  information  on  the  electro- 
magnetic matri  x element  between  the  ground  state  and  exci ted  states  of  a given  nuclide. 
The  most  common  types  of  reactions  included  in  this  compilation  are:  (e,e‘),  (y,y), 
(y,y 1 ) , (y,n),  (y,p),  etc.  as  well  as  ground-state  particle  capture  reactions,  e.g. 

( ot  ,y o ) . Two  reactions  which  fit  the  matrix  element  criterion  are  not  included  in 
the  compilation  because  of  their  rather  special  nature.  These  are  heavy  particle 
Coulomb  excitation  and  the  thermal  neutron  capture  reaction  (n,y0) . While  the  energy 
region  of  particular  interest  extends  from  0 to  150  MeV,  papers  are  indexed  which 
report  measurements  in  the  region  from  150  MeV  to  4 GeV.  Most  of  the  experiments 
listed  are  concerned  with  the  excitation  energy  range  from  8 to  30  MeV,  the  region 
of  the  photonuclear  giant  resonance. 

The  hierarchical  grouping  of  the  photonucl ear  data-abstract  sheets  wi thi n the  fi le 
is  by:  1.  Target  Element,  2.  Target  Isotope,  and  3.  by  the  Bibliographic 
Reference  Code  assigned  to  the  paper  from  which  the  data  on  the  sheet  were  abstracted. 
In  this  file,  colored  pages  are  used  to  mark  the  beginning  and  end  of  the  sheets  for 
each  chemi  cal  el  ement.  A brief  historical  sketch  of  the  elementis  given  on  the  divider 
sheet  marking  the  start  of  each  section;  the  information  for  this  sketch  was  derived 
from  references  such  as  the  Encycl opaedi a Bri tanni ca.  In  those  cases  where  the  sheets 
for  a given  element  make  up  a major  part  of  a volume,  colored  pages  are  also  used  to 
delineate  sections  pertai ni ng  to  the  individual  isotopes  of  the  element.  Each  of  the 
sections  of  the  file,  as  delineated  by  two  colored  divider  sheets,  represents  a 27  year 
history  of  the  study  of  electromagneti c interactions  in  either  a specific  nuclide  or  a 
specifc  element. 

The  data-abstract  sheets  are  filed  under  the  element  and/or  isotope  in  which  the 
ground-state  el ectromagnetic  transi tion  takes  place.  For  example,  the  abstract  sheet 
for  a total  neutron  yield  measurement  for  a naturally  occurring  copper  sample  would 
appear  in  the  elemental  section  of  the  copper  file.  On  the  other  hand,  a measurement 
of  the  62qu  9.73  minute  positron  activity  produced  in  the  same  sample  by  photons 
with  energies  below  the  three-neutron  separation  energy  for  6$Cu  (28.68  MeV)  would 
be  filed  with  the  sheets  for  63qu>  Similarly  a measurement  of  the  ground-state 
neutron  capture  cross  section  in  WOuld  be  filed  under  while  the  correspondi ng 
ground-state  alpha-particle  capture  cross  section  would  be  filed  under 

At  the  end  of  this  volume  there  is  a master  list  of  the  abbreviations  that  have 
been  used  in  the  index  section  of  the  abstract  sheets.  The  listings  are  those  used 
in  the  final  published  index,  Photonuclear  Data  Index,  1973-1981,  NBSIR  82-2543, 
i ssued  i n August  1982  by  the  U.  S . Department  of  Commerce,  National  Bureau  of  Standards, 
Washington,  DC  20234.  In  some  cases  two  notations  are  entered  for  the  same  quantity. 
The  second  entry  is  the  abbreviation  that  was  used  in  one  or  more  of  the  earlier 
published  editions  of  the  index. 
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An  alloy  of  nickel  called  packfong  was  used  by  the  Chinese 
long  before  the  metal  was  known  in  Europe.  A heavy,  reddish 
brown  ore,  often  found  covered  with  green  spots  or  stains, 
was  used  in  Germany  to  color  glass  green;  the  miners  called 
the  substance  Kupfernickel  meaning  copper  demon.  The  ore 
resembled  copper  in  color  but  yielded  a brittle  unfamiliar 
product  that  caused  the  copper  miners  considerable  trouble. 

Axel  Fredrik  Cronstedt  was  the  first  to  discover  nickel;  he 
worked  as  a metallurgist  in  the  Swedish  Bureau  of  Mines.  In 
1751  Cronstedt  was  investigating  a new  mineral  from  the  cobolt 
mines  and  placed  a piece  of  iron  in  an  acid  solution  of  the 
ore  expecting  to  see  a copper  deposit  on  it.  To  his  great 

surprise,  he  was  unable  to  secure  a deposit  of  and  kind 

the  ore  nicolite  contained  no  copper.  Futher  work  yielded 
the  metal.  After  studying  the  physical,  chemical  and  magnetic 
properties  of  the  metal,  he  announced  in  the  Memoirs  of  the 
Stockholm  Academy  that  he  had  discovered  a new  metal. 
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22,  434-43  (1955) 
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ZnS  counter;  ion  chamber 
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Fig.  5.  The  angular  distributions  of  protons  with  an  energy  above  14  Mev. 
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Element 

Target  thickness 
mg/cm< 

a 

b 

Carbon 

Aluminum 

Xickel 

Molybdenum 

182 

274 

352 

295 

0.32 

0.58 

0.94 

0.62 

0.80 

1.55 

1.45 

2.00 

riG.  JD.  The  relative  yield  per  mole  for  protons  above  14  Mev 
as  a function  of  the  atomic  number. 


form  N3S-418 

(R  SV.  7-1  4* 64) 
USCOMM-OC  28  01  0- PC  4 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


PHOTONUCLEAR  DATA  SHEET  6 


Ret.  E.G.  Fuller,  E.  Hayward 
Phys.  Rev.  101,  692  (1956) 


Elem.  Sym. 


Ni 


Ref.  No. 


28 


Method 


Betatron;  photon  scattering;  Nal  spectrometer 
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Notes 


Ni(Y,7) 


Bremss. 

k-kO 


Detector  at  120  . 

Cross  sections  given  here  are  13%  too 
high  due  to  erroneous  cos  9 factor  in 
denominator  of  Eq.  5«  [See  footnote 
8 in  Phys.  Rev.  106,  993  (1957)]. 
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Fro.  5.  The  eissac  scatterm*  cross  sections  for  Ni  and  Ca.  The 
point  at  17.6  Mev  a lint  of  Stearns.*  The  solid  curve  rapenm- 
ooaed  oo  the  Ca  lata  is  the  scattering  crew  section  calculated 
from  the  dispersion  relation  by  substitatinf  for  in  Eq.  (7) 
the  cross  section1  mul  tip  Lied  by  the  .-atio  of  the  total 

particle  yield  to  the  neutjoa  yield.  * The  ooen  circles  on  the  ver- 
tical xxes  .noicate“The  xaoruuide  of  the  Thomson  cross  section 
for  Z free  protons  scattering  coherently. 
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Ref.  W.H.  Hartley,  W.E.  Stephens,  E.J.  Winhold 
Phys.  Rev.  104,  17&  (1956) 
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Method 


Li  (p,Y)  source,  480  kev  protons. 


Ref.  No. 

5 6 Ha  1 


EGF 


R<...i  :ion 


I E or  A E 


S* 


dE 


J » 


Notes 


(Yi*») 


14.8 

17.6 


6-17.6 


Average  Li  cross  section  is  28  mb; 
cross  section  with  detector  response 
weighted  for  low  energy  neutrons 
Assumed  ratio  17»6/l4.8  = 1*7* 
Calculated  cross  section  at  14.8  and 
17.6  MeV  assuming  cross  section 
curves  measured  at  Pennsylvania  and 
Saskatchewan  (refer  Table  i) . 


Tadle  I.  Cross  sections  for  photoncutron  emission  induced  by  the  lithium  gamma  rays.  The  results  are  compared  with  previous  data. 


Fie- 

Present  cross- 
section  data 

Counter  Counter 

Data  of 
McDaniel 

Betatron  data 

Pennsylvania  Saskatchewan 

fflil  1 

rrtent 

Group  A Croup  0 

cl  n l,m 

*4»h  *»»,•  '**»'*  *IT  4 

:sFe 

33  mb 

33  mb 

37  mb 

60'  mb 

0.5 

23  mb 

47  mb 

:,Co 

49 

49 

47 

60°  mb 

0.5 

93' 

0.5 

30 

60 

•sNi 

28 

25 

23 

40* 

0.7 

22 

32 

:jCu 

64 

61 

55il2 

95' 

0.6 

4.5 

/.■> 

ioZu 

48 

45 

48 

90' 

0.7 

*;Ag 

175 

1T0 

155 

2/,/y 

1.0 

175 

175 

i»Sn 

200 

190 

180 

?>Ta 

353 

360 

260 

350d 

1.3 

420* 

2.3 

420' 

550' 

320' 

240' 

„w 

365 

333 

325 

t«Au 

330 

295 

3 15e 

1.7 

430' 

1.9 

460 

255 

ioHg 

365 

340 

290 

nPb 

310  ■ 

295 

250 

320* 

1.6 

440' 

2.5 

400' 

500' 

250' 

200' 

«3i 

305 

280 

250 

270d 

2.6 

550' 

2.4 

490 

195 

• See  reference  3. 

Average  of  14.3-  and  17.6-Mev  cross  sections  weighted  with  relative  intensities  of  the  lithium  gamma-ray  lines. 

• .See  reference  24. 

• R.  Nathans.  Ph.D.  thesis.  University  of  Pennsylvania.  1954  (unpublished). 

• J.  Halpcm  (private  communication). 

• See  reference  23. 

« See  reference  32. 

h Separate  cross  sections  at  14.3  and  17.6  Mev  as  obtained  from  Group  A data  and  14.8/17.6  betatron  cross-section  ratios. 

'Obtained  using  14.8/17.6  cross-section  ratio  from  Pennsylvania  betatron  data, 
i Obtained  using  14.8/17.6  cross-section  ratio  from  Saskatchewan  betatron  data. 
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50.5  MeV  Bremss.  synchrotron;  emulsions;  ion  chamber  monitor 
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Reaction 
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(y,p)  . 
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21.5 

25.5 
28.0 
24.0 


ad  E 


J rr 


Notes 


Assuming  shape  for  a(y,p)  [Hal pern  and 
Mann,  Phys.  Rev.  83,  370  (1951)]  gives 
peak  a(y,p)  = 9.0X10-26  cm2  ± 30$. 


At  E = 25.5  MeV  ratio  of  proton  - 
yields  Ni/Cu  = I.76  ± 10% . 


Figure  7;  Angular  distribution  of 
photoprotons  from  nickel,  dc/d 
relative  cross  section:  A,  for  e 

P 

£ 3 MeV  protons;  B,  for  e^>  10  MeV 

protons.  The  cross  section  for  the 
angle  9 = 90°  is  taken  equal  100. 
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Soviet  Phvs.  Dokl.  2.  107  (1957) _______ 
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RESULT 
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ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.XP 

SPC 

THR  - 85 

C 85 

TEL-D  15-60 

DST 
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£ — — 

Fig.  1.  Energy  distribution  of  photoprotons  from  Ni. 
The  vertical  axis  gives  die  number  of  protons  in  a 
1 Mev  interval  per  monitor  unit,  plotted  in  arbitrary 
units.  Only  the  statistical  errors  are  indicated. 
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Fig.  3.  Angular  distributions  of  photoprotons  from 
Ni.  T..e  crosses  represent  20-33  Mcv  protons;  die 
open  circles  represent  33-65  Mev  protons.  The  er- 
rors. are  statistical. 
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In  Figure  1: 


Coulomb  barrier  =6.9  MeV 
and  residual  level  density 
1 /2 

~ e (6EV  ) ; corresponds 
to  mean  temperature  of 
0.9  MeV. 


Barrier  = 5*6  MeV;  level 
density  ~ 1»0^-E.  same  as 

9 as  above. 
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FIG.  4.  Angular  distributions  of  pnotoprotons  from  Ni.  The 
solid  curves  give  the  results  of  calculation.  Only  statistical 
errors  are  shown,  1)  Fp  • 13. 7-21-5;  2)  Ep  - 21.5-33.3  Mev. 
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In  Table 


3 = average  cross  section  or  detector 
weighted  with  neutron  spectrum 

5 = neutrons/lCO  roentgen/ mole 
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Element 
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4* 

III 
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IV  . 

V 

(a«t>)X10’* 

Vi 
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Vanadium 

245(1±0.0C) 

0.01  ±0.08 

-0,C0=0.10 

6.05 

0.21 

0.12 

Chromium 

104(1=0.03) 

0.04  ±0.04 

*■0  Oo  ± 0 . 0c 

4.05 

0.17 

0.10 

Manganese 

308(1  ±0.02) 
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0.02=0.03 

-0.42=0.04 

39.40 

1.04 

0.15 

Cerium 

1310(1±0.05) 

0.05=0.00 

—0.09  ±0.08 

32.50 

Dysprosium 

1652(1=0.03) 

0.04=0.10 

— 0.34±0. 13 

40.80 

Tantalum 

1558(1  ±0.02) 

0.04  ±0.03 

—0.22  ±0.04 

38.48 

2.50 

0.CG 

Tungsten 

1365  (1  ±0.02) 

-0.07=0.03 

-0.24  ±0.04 

33.71 

Mercury 

1345  (1  ±0.02) 

0.04  ±0.03 

—0.3 1 3:0.04 

33.22 

Lead 

2274(1±0.01) 

0.02  ±0.02 

-0.42=0.03 

56.17 

2.72 

0.08 

Bismuth 

2163(i±0  02) 

0.05±0  03 

— 0.45±0.04 

5T.  4ff 

3.36- 

0.06 

Thorium 

3031  (1±0.04) 

0 00  ±0  05 

-0.32  ±0.07 

74.87 

Uranium 

4630(1=0.02) 

0.05±0.C3 

— 0.17±0.04 

114.36 

_ 

•(>4)  - 1.47X10*  «#  m OirWm-oratm*.  Error*  Art  icsad* rd  error*  duo  to  couDtlnf  itatirtica  only. 


pop*  N3S-41S 
ip  ev.  7*1  4-041 
J SC  0*4*4- OC  2J01O-PR4 
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U-5.  OEP*«TMENTO'  COMMERCE 
NATIOMAL  8UREAUO?  XT  ANOAPOf 


REF. 


dL.  C.M.  3 r m. 


M.  Masuda 
J.  Phys.  Soc . 16, 


METHOD 


1801  (1961) 


Ni 


REF.  NO. 


28 


Betatron;  proton  angular  distribution;  ZnS  scintillator 


61  Ma  2 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPI  RANGE 

TYPE  RANGE 

G , XP 

R<|)X 

8 - 21 

C 18,21 

SCI-I  1 - 10 

DST 

niotei.  The  result*  of  the  leut  square  to  St 

, expenirienul  wth  18  MeV  bremaatrah. 

lung  are  described  with  the  form, 

1 +6.0  sin1  9(1  +0.87  cos  #)* . 


form  NBS-418 

(REV.  7-14-54) 
USCOMM-DC  26010-P54 


PHOTOHUCLEAR  DATA  SHEET  lg 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


ReP'  J.  Miller,  C.  Schuhl,  C.  Tzara 
J.  Phys.  Radium  22,  529  (1961) 


METHOD 


Positron  annihilation;  total  photonuclear  cross  section; 

NAl,  3F-. 

3 


EL  EM . 5YM. 


Ni 


REF.  NO. 

61  Mi  1 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.G 

ABX 

3- 15 

D 3- 15 

NAI-I  8-15 

DST 

?ic.  8.  — Section  efficaca  totale  do  diffusion  elastiqua  et 
module  au  carrO  d®  I'amplituda  dc  diffusion  ver*  i'avonu 
Cas  de  Ni,  Pb  et  Di. 

Cerdes  vides  : modulo  au  carr,i  des  amplitudes  de  dif- 
fusion absorptive  caiculccs  a partir  ucs  sections  efflcaccs 
«(y,  n)  4-  2o(r.  2n)  — npi  — ...  \scule  la  premiere 
reaction  intcrvicnl  vers  (14  McV). 

Cerclcs  plcins  : limites  (Ze’/.V  *,*do  la  section  efflcace 
do  diffusion  4 Haute  c.icrgic.  Hu  rcaliW,  a cause  ties  inter- 
actions misonnjues  des  nucleons  et  do  I'inccrliludo  tur 
la  limite  1 haute  enercie  do  la  diffusion,  ii  vaudraitmieux 
parler  de  la  section  efflcace  do  diffusion  vers  i'avant  au 
del4  de  la  resonance  geantc  et  avanl  la  souil  photomeso- 
oique  ; on  peut  monlrcr  quo  l'exprcuion 
{Zd'/ilc*)*  [\  + 0,a*|* 

odzost  la  fraction  do  force  d’ichango  antra  nucleons,  eat 
mieux  appro  pride. 

Ea  pointiilds  : rdsultats  do  Fuller  et  Ilayward. 


r o pm  NBS-418 

!*CV.  7-1  4-  64) 
UJCCmm.CC  26010-P64 


PHOTONUCLEAR  DATA  SHEET  19 


U-S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


Ref-  T.  Tohei,  M.  Sugawara,  S.  Mori,  M.  Kiraura 
J.  Phys.  Soc.  Japan  16,  1d57  (19^1) 

Elem.  Sym. 
Ni 

A 

N 

ro 

CD 

Method  05  MeV  betatron;  photon  scattering;  Nal(Ti)  spectrometer; 
ion  chamber. 

Ref.  No. 

6 1 To  1 

NVB 

Reaction 

E or  AE 

Eo 

r 

S"JE 

j t 

Notes 

Ni(Y,Y) 

Bremss. 

5-12 

9-8 

Detector  at  120° 

Table  II  from  J.  Phys.  Soc.  Japan  i8. 

Table  II.  The  summary  of  the  cross  sections  and  the  threshold  energies.  17“22 


Element 

£m.x  (MeV) 

■&h(7.  p) 
(MeV) 

.&h(r,  n) 
(MeV) 

*(r.  r) 
r) 

°(r.  p ) 
Fp *(y,  n) 

<*ir.  n) 
«(r.  n) 

A1 

8.3 

8.27 

13.07 

0.04 

0.02 

S 

8.5 

8.8 

15.07 

0.02 

0.06 

Si 

12.0 

11.59 

17.18 

0.12 

0.05 

K 

7.0 

6.39 

13.09 

0.04 

0.07 

Ca 

8.0 

8.34 

15.73 

0.05 

0.07 

Ni58 

60 

9.8 

7.91 

9.53 

11.93 

11.39 

0.09 

0.15 

1 

Cu63 

65 

7.5 

6.12 

7.46 

10.83 

9.92 

0.07 

0.11 

Cd 

7.5 

-9.5 

-9.3 

0.18 

0.50 

Sn 

7.5 

-9.3 

-9.2 

0.75 

0.63 

Pb 

7.2 

-7.5 

-7.5 

1.00 

1.00 

Bi 

8.0 

3.7 

7.4 

1.00 

i 

1.00 

Table  I 

I.  The  correction 

of  the  energy  scale. 

1 

Energy  in  Ref. 

1 

Shoul 

d 

be  read 

4.0  MeV 

3. 

3 

MeV 

6.0 

5. 

5 

8.0 

7. 

7 

10.0 

9. 

9 

12.0 

12. 

1 

14.0 

11. 

3 

iieterences 

1)  E.  G.  Fuller  and  E.  Hayward:  Phys.  Rev. 

101  (1956)  692. 

2)  see  E.  Segre:  Experimental  Nuclear  Physics, 
vol.  1,  p.  346. 

3)  J.  S.  Levin  and  n J Hughes:  Phys.  Rev. 

101  (1956)  1326. 

4)  K.  Reibel  and  A.  K.  Mafin:  Phys.  Rev.  IIS 

(1960)  701. 


n " . 

.1  \ --S-. 

•4*° 


I 


/ 

i 

f 

J'  • 


Fig.  7.  The  elastic  scattering  cross  sections  of 
photons.  -•  — : data  from  Fuller  and  Hay- 


ward1 . (0:  data  from  the  experiment  using  the 

- monochromatic  .--rays1’. 

(a):  r)  by  Ni.  The  arrows  indicate  the 

> positions  of  the  (y,  p)  and  (,-.  n)  threshold 

energies  of  NiM  and  NiM. 
bh  T(-,r)  by  Cu.  The  arrows  indicate  the 
positions  of  £,  pi  -and  y,  ni  threshold 
energies  of  Cu*3  and  Cues. 

form  NBS-418 
(e-i-es) 

USCOMM-OC  18558-P6S 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  9t  REAU  OF  STANDARDS 


PH0T0NUCLEAR  DATA  SHEET  20 


PHOTONUCLEAR  DATASHEET  21 


W.  Sebaoun 

J.  Phys.  Radium  989  (1962) 


ELEM.  SYM.  A 


Ni 


28 


METHOD 


83  r \ 

Proton  cross  section;  CSI;  Cu  (7,n)  reaction 


REF.  NO. 

62  Se  2 


NVB 


REACTION 

RESULT 

EXCITATION 

SOURCE 

DETECTOR 

ANGLE 

ENERGY 

TYPE 

RANGE 

TYPE  RANGE 

G.P 

ABX 

15, 

18 

D 15.. 

18 

SCI-I 

0 

(1^.8, 

17.6) 

(1^.8) 

(17.6) 

a 


4-3±5  mt), 


assuming  cr 


[Cu63(7,r.)] 


82±8  mb. 


form  NBS-418 

(REV.  7-14-44) 

USC  OMM-DC  24010-P44 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


PHOTONUCLEAR  DATA  SHEET  22 


U.S.  DEPARTMENT  OF  COMMERCE 

NATIONAL  BUREAU  OF  3TANOARCS 


form  NBS-418 
(8-1*33) 

USCOMM-OC  18598-P83 


photonuclear  data  sheet  23 


Ref.  O.M.M.  Mitchell,  K.G.  McNeill 
Can.  J.  Phys.  4l,  87 1 (1963) 


Elem.  Sym. 


Ni 


28 


Method 


Betatron;  proton  yield;  angular  distribution;  scintillator; 
ion  chamoer. 


Ref.  No. 

63  Mi  5 


NVB 


Reaction 


EotiE 


<7d  E 


J "■ 


Notes 


Ni(Y,xp) 


Bremss . 

22 


2 o - x 0 


2 

i ^ 

I i a 


d 3/2 

I 


5 9/2 

T 


:.0  OF  Fi3T  =hOTOPROTONS 


20 


40 


-L 


Angular  distribution: 

2, 


Y (9)  = a + b sin  9 (l  + p cos  9)“ 

where  a = 99-10;  b = 1±2;  and  b/a  = 
0 . 0±0 . 2 . 


Yield  (E  > 8 MeV) : 

(4.4±0.5)  105  protons/mole-r 


Yield  (3.7  C Ep  < 14): 


(3^±3)  105 


LJ 


ri<;  4 The v.tlue<->l  the  f.ut  ph^Coproron  ani-*>tr-  pif  ■ 'urtfii  ent  *>  1 
jurr.<  rs  # a vl  -uhcr  a.  r^er*  3 • in  the  re^ir-  >1  me  periodic  table 
riiicate  •rt-s-.ue  points.  The  referenres  to  the  results  •.»  ..tner  worker*  1 
The  tiemar.uiions  are  explained  in  cne  text. 


»und  m 
L Z < 

? even  . 


he  present 


FO  RM  HBS-418 

(8-1-«3) 

USCOMM-OC  185S6-P83 


PHOTONUCLEAR  DATA  SHEET  24 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  3UREAU  OF  STANDARDS 


Ret.  M.  Yaraanouchi 

J.  Phys.  Soc.  Japan  _l8,  6 38  (I963) 


Elem.  Sym. 


Ni 


28 


Method 


Betatron;  deutron  spectrum;  nuclear  emulsion 


Ref.  No. 

63  Ya  2 


NVB 


Reaction 


E or  AE 


S' 


dE 


J " 


Notes 


Ni(y,d) 


Bremss. 

25.5 


Detectors  at  90  . 


Table  I.  Ratios  of 

the  yield  of  photodeuterons  to  that 

of  photoprotons. 

Element 

Ni 

Cu 

Sn 

Sb 

Angle  of  observation 

90* 

90“ 

126“ 

54“,  90“, 
and  126“ 

126“ 

Number  of  events  examined 

161 

168 

171 

99 

274 

Number  of  photodeuterons 
estimated 

3 

10 

7 

4 

36 

Yield  ratio  ~0.02 

0.06  + 0.04 

0.04+0.02 

-0.04 

0. 13±0.05 

1 L 


corm  NBS-418 

<8-1-93) 

U3COMM-OC  1 0556*°63 


PHOTONUCLEAR  DATASHEET  25 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANOAROS 


REF. 


method 


B.  Arad  (Huebschmann) , G. 

Ben-David  (Davis; 

I.  Pelah, 

ELEM.  SYM. 

A 

2 

Y. 

Schlesinger 

Phys . 

Rev.  133,  B684-700 

(1964) 

Ni 

28 

REF.  NO. 


Reactor,  (n,y)  reactions  source 


64  Ar  1 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

” TYPE  RANGE 

TYPE  RANGE 

G,G 

ABX 

8 

D 8 

NAI-D 

DST 

(7.639) 

(7.639) 

Angular  correlation  measurement  at 


90 


135 


J, WIDTH 


gives  W ( 135  ) 

W(906) 


Level  width  rQ  =(3.28_Q  Q 


- 1.7  ± 0.1,  indicating  J = 1. 
+0.70 


)/u  MeV,  where  u = fractional  isotopic  abundance. 


Table  III.  Effective  cross  sections. 


Energy 

y source  (MeV)  Element 


Hg 

5.44 

Hg 

Cl 

6.12 

Priu 

V 

6.508 

Sn 

Co 

6.690 

Pj-141 

Co 

6.867 

Nd 

A1 

6.98 

pb3M 

Cl 

6.98 

Pb 

Ti 

6.996 

Bi=“ 

Cu 

7.01 

Sn 

Ti 

7.149 

Pb=°8 

Co 

7.201 

Pb»* 

Mn 

7.261 

pbas 

Fe 

7.285 

Pb208 

V 

7.305 

Pb208 

Hg 

7.32 

Pb 

Fe 

7.639 

Ni 

Fe 

7.639 

Pr‘« 

Cr 

8.499 

Cu 

Cr 

8.881 

Pr‘« 

Ni 

8.997 

Sm 

Scatterer 

Protons  Neutrons 


80 

116,  118,  119,  120,  11 

59 

82 

50 

62,  64-70,  72 

59 

82 

60 

82  , 83  , 84,  85,  86,  S8 

82 

126 

82 

124,  125,  126 

83 

126 

50 

62,  64-70,  72 

82 

126 

32 

126 

82 

126 

82 

126 

82 

126 

82 

124,  125,  126 

28 

30,  32,  34,  36 

59 

82 

29 

34,  36 

59 

82 

62 

82,  85-88,  90,  92 

(mb)  Notes 

, 122,  124  12I 

103  a 

14 

2.7  a 


22 

2900  b 

346  a 

1560  b 

1000  b 

1000  b 

25 

25  a 

4100  a 

12.5 

5500  c 

10.5  d 

10  d 


24.4 

9.3 

2.8 


introduced  in  the  cross-section  values  because  of  large  differences  in  line  intensities  quoted  by  Bartholomew  and  Kiggs  and  by 
nuclear  cros3°sectfon>.W  COUatin*  rate'  thick  batterers  were  used,  which  will  introduce  a systematic  error  in  estimating  (v^)  for  resonances  having  a high 

! Ihe  cross  section  was  evaluated  assuming  the  gamma  intensity  to  be  0.02  photons  per  100  captured  neutrons  (see  text). 

2011  7,'6J9  Iine ,?*  iron  capture  gamma  rays  as  a single  line.  However,  a recent  paper  by  Fiebiger,  Kand.  and  Seg*l  fPhys  Rev  125 

h ? 1 962 V1 , .P°x^  t.wo  lines  oi  equal  intensities  navmg  energies  oi  7.647  and  7.633  MeV.  The  present  experiment  cannot  resolCe  an  Pnir™ 

difference  ox  14  IceV.  therexore.  there  is  no  possibility  oi  deciding  which  line  la  responsible  tor  the  scattering.  " 


form  N8S-418 

(R  EV.  7-1  4-«4) 
USCOMM-OC  28010-P64 


U.S.  OEPARTMENTOF  COMMERCE 
NATIONAL  BUREAU  OF  STANCARCS 


PHOTONUCLEAR  DATA  SHEET  26 


G.  Baciu,  A.  Bonazzola,  B.  Minetti,  C.  Molino,  L.  Pasqualini 
and  G.  Piragino 
Rev.  Roam.  Phys.  977  (1964) 


Ni 


28 


method 


64  Ba  4 


egf 


REACTION 

RESULT 

excitation 

EN^tGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,XN 

ABX 

10-27 

C 10-  27 

BF3-L 

4PI 

65  BA  3 SAME  DATA 


I*  ill.  2.  — o (y,  To)  for  Ni  of  natural  isotopic  abundance.  The  circles 
represent  the  value*  for  <x  (y.  2n)  calculated  (for  a = 6.5  MeV-1)  in  the 
approximation  of  the  equality  of  threshold*  for  the  reaction  a (y,n)  and 
a (y,  2/i)  for  Ni*4  anti  Ni44. 


FORM  NBS-4I8 

IREV.  7.  I 4-«4> 

uscomm-oc  2*010-094 


PHOTOHUCLEAR  DATA  SHEET  27 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


G.  Baciu,  C.  Molino,  B.  Minetti,  L.  Pasqualini,  G.  Piragino 
Stud.  Cercetari  Fiz.  16.  903  (1964) 


EL  EM.  S YM. 


Ni 


28 


REF.  NO. 

64  Ba  5 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,XN 

ABX 

12-28 

C 12-28 

3F3-I 

4PI 

Tabela  2 
Ni"  (y.  Ta) 


/■',  (MeV) 

(mb) 

I’  (MeV) 

A (MeV) 

E\  (MeV) 

E.  (MeV) 

r *1 

\ od£  (mb  MeVi 
JBi 

13,2 

6,0 

1,1 

0,6587 

12,3 

13,8 

5,13 

14,65 

27,0 

1,2 

0,71856 

13,6 

— 

15,6 

28,74 

16,9 

53,0 

1.8 

1,0778 

15,2 

18,5 

88,57 

18,7 

51,0 

1,0 

0,5988 

00 

r4 

19,6 

46,96 

20,4 

44,0 

1,4 

0,8383 

19,8 

21,5 

'54,24 

Em  (*21,4 

I odE=  223,64  mb.  MeV 


form  NBS-418 

(R  EV.  7-1  4-64) 
USCOMM.OC  26010-P34 


U.s.  DEPARTMENT  CF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


PHOTONUCLEAR  DATA  SHEET  28 


k 


7.  Fe:-ror.i,  S.  Jerror.i  ar.c  C.  McLir.o 


• /■=.  I . . >24  v 1 

rc4y  i Ni 

i 

28 

12 . 

iyr.cr.voTron ; C ,Y?r*/  ” 

REF.  NC. 

or.itor  64  Co  2 

JOC 

=5  SAC-ION 

RESULT 

EXCITATION 

ENERGY 

5C.3CE 

OE-ECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

C . XN 

A3Y 

THR  - 3C 

C 83 

Hr  5-1 

L PI 

Table  1 


Element 

Yield  (33) 
eV  cr- 
mol  MaV 

50  SZ/A 
(mb  MaV) 

30 

0 

30 

G 

20  30 
Z/Z 
0 0 

(MeV) 

cm 

(mb) 

o^Cr 

S3  xlO-3 

nnn 

1.21 

2 1 

0.53 

18.5 

97 

25Mn 

10c  xio-5 

313 

1.52 

2.23 

0.65 

13.5 

114 

2SFe 

53  xlO*5 

822 

0.55 

1.46 

C.60 

17.5 

75 

89 x 10’5 

873 

1.33 

1.S2 

0.59 

17.5 

92 

25Xi 

44  X 10*5 

879 

0.55 

1.07 

0.51 

13.5 

56 

2 9Ca 

35 X 10"3 

9-17 

1.06 

1.99 

0.53 

17.5 

98 

30Za 

53 x 10"5 

975 

0.34 

1.53 

0.56 

17.5 

86 

21Ga 

120  x io-5 

1024 

1.29 

2.13 

0.59 

17.5 

151 

32^  d 

139 x 10*^ 

1054 

1.25 

2 29 

0.59 

17.5 

153 

33As 

137 x 10'5 

1109 

1 O ‘ 

2.13 

0.55 

17.5 

127 

y.  xr. , cz. 


NZ, 


4 


i • i i > • i i i it 

o -i  — 32  «(■  ..  1. 

T.  2.  2ro.-r.as=rahlur^v/a:2h^.a crass  sections, 


- O 


Element 

yield, 
(x  10--) 

f7r.) 

5C 

4.0 

*)  r / 

2.13 

5.2 

4.05 

1.32 

- - Na 

12.6 

11 .50 

2.49 

ll-'*o 

1G.0 

3.  SI 

i -O 

X3.U 

15.9 

13.32 

2.2C 

l^Si 

11.6 

9.33 

1.55 

. - ? 

-i;  .5 

17 .26 

2 22 

15s 

9 .5 

C.GG 

- .y7 

• J* 

10 .5 

17 .00 

4,0. 

20C“ 

12.1 

11.63 

1.02 

2j.Cr 

35 

61 .6 

2.56 

..5 

76.1 

2 .96 

25  * ® 

71 

gG  .g 

2.5g 

04 

62.5 

2 04 

0 - Ni 

46 

O'  o 

1.59 

■* 

72  2 

2.36 

30i.n 

33 

65.7 

2.33 

o - Gl 

140 

93.3 

O 00 

ooGc 

ISO 

101.5 

2.26 

*>  A3 

93.3 

2.1. 

29 


M.  Giannini,  P.  Oliva,  D.  Prosperi  and  S. 
Nuovo  Ciraento  _34,  1116  (1964) 


METHOD 

Reactor;  Fe(n,y) 


Sci uti 


ELEM.  SYM. 


Ni 


REF.  NO. 

64  Gi  1 


28 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 
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TYPE  RANGE 

G.G 
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8 

D 8 

NAI-D 

135 

(7.64) 

(7.64) 

Source- 

scatterer 

Energy! 
(MeV)  : 

<<r„(300)> 

(Bam) 

<4.(300) 
| (Barn) 

<<T„(100)> 

<<rrj(300)> 

i 

w 

\ 

/4>  (eV) 

<5  (eV) 

— 

6Jpe.108pb 

7.28 

5.62  ±0.15 

17.5±1.5 

1.004±0.006 

I i 

: o.S4±o.08 

0.73±0.05 

4.8±0.3 

‘7Fe-(M>Ni 

7.64 

0.375±0.006 

^ 5 

0.83S±0.011 

i 0.71^0.07  ! 

i 1 

O 

o’ 

-II 

»o 

© 

11.0±0.5 

«Pe-(U4)Cd 

7.64 

0.287  ±0.006 

•4.1  ± 1.8 

1.116±0.015 

0.1 1 ±0.06 

0.22±0.02 

<1 

i.Al.'-ospb 

6.98 

1.29  ±0.06 

22.1  ±2.7 

i 1.002±0.012 

0.30±0.07  | 

0.86±0.10 

11.5±2.5 

i 

Cross  sections 

based  on 

assumed 

1 + Cos29 

distribution. 
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REACTION 

RESULT 

EXCITATION 
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SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 
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SPC 

THR  - 33 

C 33 
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Tabelle  1 

MeOdaten  uod  Ergeboisse 


Ti 

Ni 

Cu 

Nb 

Targetdicke  (.mg/cm*) 

2.08 

1.52 

9.90 

8.87 

Besirahlungsdauer  (h) 

52.5 

55.5 

18.0 

84.5 

Registriene  Teilchenaneahl 
<4  S £ 12.6  MeV) 

1861 

2376 

2333 

1987 

Lage  des  Maxi  mums  £ der 

Energieveneilung  tMeV) 

6.4 

8.2 

8.5 

11 

Halbwertsbreite  dea  Maxim  urns  (MeV) 
Mittlerer  Energieverlust 

2.8 

2.8 

4.0 

3.5 

im  Target  bei  £,  = £_„  (MeV) 

0.4 

0.25 

1.7 

1.1 

Ausbeute  in  /ibi  MeV  ») 

22±3.5 

45  — 7 

23±3.5 

5. 5=0.8 

•)  Vgl.  Betnerkung  •)  in  Tabelle  2. 

Tabelle 

Vergleich  der  Ergebcrsse  verschiedener  Autoren 

£^(MeV)  Ti 

Ni 

Cu 

Nb 

Ausbeuie  (10*  X A^Mol.  r) 
Bouiegue  31 

58.7 

50.8 

Diese  Aroeit  »)  32.5  48  — 7 

98-15 

50=7.5 

12=1.8 

Toms  und  McElhmney  21.5 

39.4 

26 

4.6  •>) 

Relative  Aiubeute 
Bouiegue  31 

1 

0.87 

iCregar  und  Povh  30 

l 

0.54 

Diese  Arbeit  32.5  0.49±0.08 

1 

0.51=0.08 

0.12  = 0.02 

Tom*  und  McElhmney  21.5 

l 

0.66 

0.12  ») 

•)  D*  Fehierangaben  bewhaiten  auch  die  Unsicherbeit  in  der  Absoluteichung  der  Intensitdt  dea 
•/-Stxanles. 

*)  Dieser  Wen  wurde  aus  nur  14  beobachteten  Ereignissen  bestimmt. 


£ a - 


s 9 m 12  u 


Abb.  1.  Die  erhaltenen  Eaergie-Speictren  der 
Photoalphateilchen  aus  Ti,  Ni,  Cu  und  Nb. 
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REACTION 

RESULT 

EXCITATION 

ENERGY  - 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G ,XN 

ABX 

THR  - 28 
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Table  2 


Cross  sections  for  Co,  Ni,  Cu  and  Ga 


(MeV) 

(mb) 

f*  (J(E)dE  (mb -MeV) 
Jo 

Ref. 

Co" 

16.9 

130 

750(24) 

') 

16.75  19 

110  103 

709(25) 

•) 

17.5 

68 

725  + 72(28) 

') 

16.5  19 

82  80 

701  ±91  (29) 

") 

16.5  19 

72  74 

657±  89(28) 

this  work 

537±  34(24) 

this  work 

445  ±48(24) 

*) 

Ni 

16.5 

50 

340(24) 

u) 

16.5 

46±1 

313±48(28) 

this  work 

276±  25(24) 

this  work 

Ni" 

18.5 

60 

330(24) 

30 

180(24) 

M.) 

20.5 

21 

160(24) 

") 

19.0 

32 

220±  30(32) 

U) 

Ni" 

16.5 

85 

440(±20  %)(24) 

6) 

Cu 

19.5 

120 

870(20) 

*) 

904(27) 

“) 

17.2 

126 

930(27) 

“) 

17 

90 

450±  15(19,6) 

”) 

16.75 

71  ±7 

745  ±74(28) 

“) 

17.0 

86x2 

733±  105(28) 

this  work 

451  ±18(20) 

this  work 

Ga 

16.5 

115±3 

947±98(28) 

this  work 

<ra  is  the  peak  value  of  the  cross  section,  Em  is  the  peak  energy  and  J[cr(£)<i£  is  the  integrated  cross 
section.  The  upper  limit  of  the  integration  is  indicated  in  parentheses. 


*)  Value  obtained  subtracting  the  (y,  2n)  reaction  contribution  from  the  a(y,  Tn). 

a)  Value  obtained  by  subtracting  the  Ni"(y,  n)Ni*’  reaction  contribution  from  the  <r(y,  Tn)  for 

natural  nickel  corrected  for  the  (y,  2n)  reaction  contribution. 


11)  J.  Goldenberg  and  L.  Katz,  Can.  J.  Phys.  32  (1954)  49 

12)  L.  Katz  and  A.  G.  W.  Cameron.  Can.  J.  Phy«.  29  (1951)  518 

13)  J.  P.  Roaiswing,  R.  N.  H.  Haslam  and  D.  J.  McKenzie,  Can.  J.  Phys.  37  (1959)  607 

14)  J.  H.  Carver,  and  W.  Tuchinetz,  Proc.  Phys.  Soc.  73  (1959)  585 
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Fig.  2.  The  solid  line  represents  the  average  of  data  points  of  the  total  cross  section  a(y,  Tn)  for 
natural  nickel.  The  open  circles  represent  the  <r(y,  2n)  calculated  by  taking  a — 6.5  MeV*1  and 
assuming  that  the  (y,  n)  and  (y,  2n)  reaction  threshold  have  the  same  values  for  Ni"  and  Ni". 
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Fig.  3.  Spectra  of  y- rays  scattered  by  Ni  and  Cu  targets. 
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Fxo.  25.  Nickel  total  pbotonuclear  cross  section. 


Fio.  26.  Nickel  total  pbotonuclear  cross  section 
mtegra tea  over  energy. 


foam  NBS-418 

IB  EV.  7-1  *.««! 

USC  OMM. DC  2601  0-PS4 


PHOTOMUCLEAR  DATA  SHEET  35 


u.s.  oepartmentof  commerce 

NATIONAL  BUREAU  OF  3TANOAROS 


I.  Bergqvist,  B.  Lundberg,  L.  Nilsson  and  N.  StarfeLt 
Phys.  Letters  19.  670  (1966) 


ELEM.  SYM. 


Ni 


23 


REF.  NO. 


Van  de  Graaff 


66  Be  1 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

N,G 

SPC 

16 

D 7 

NAI-D  8-18 

Fig.  1.  Gamma-ray  spectra  emitted  in  the  capture  of  7.4  MeV  neutrons.  The  dashed  line  is  the  spectrum 
calculated  for  the  decay  of  a compound  nucleus.  The  dot-dashed  line  is  the  response  function  of  the  gam- 
ma-ray  spectrometer  for  16.0  MeV  y rays.  Single-particle  states  as  determined  from  (d,p)  reactions 

axe  shown. 
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no.  3 Histogram  of  distribution  of  observed  resonances  among  the  different  targets.  The  atomic  number  is  given  directly  beneath 
the  chemical  symbol  followed  by  the  neutron  numbers  of  the  naturally  occurring  isotopes.  Magic  numbers  are  shown  in  brackets. 
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Table  III.  List  of  effective  cross  sections. 


Scatterer 

Energy 

(MeV) 

Gamma 

source 

4 

(mb) 

Scatterer 

Energy 

(MeV) 

Gamma 

source 

1 

(mb) 

Sm«* 

4.907 

NI 

100 

Sn 

7.01 

Cu 

110 

prtu 

8.481 

Cr 

9 

Nd 

6.867 

Co 

30 

La 

8.532 

Ni 

6 

?r‘*» 

6.867 

Co 

3 

Te 

8.532 

Ni 

3* 

Te 

6.7 

Ni 

Cu 

3.490 

Cr 

24 

La 

6.54 

12 

Zr 

8.496 

Se 

3050 

Cd 

6.474 

Co 

110 

7a 

8.119 

Ni 

13 

Mo 

6.44 

Hg 

25« 

Se 

7.917 

Ni 

50 

La 

6.413 

Ti 

72 

Se 

7.76 

K 

90 

Mo 

6.413 

Ti  ' 

10 

Sb 

7.67 

V 

. . b 

Tl 

6.413 

Ti 

25 

Cd 

7.64 

Fe 

40* 

w 

~-6.3 

Ti 

. . .«» 

Ni 

7.64 

Fe 

T 

Sb 

6.31 

Hg 

Pr'“ 

7.64 

Fe 

12« 

Ti 

6-31 

Hg 

2 • 

T1 

7.64 

Fe 

370* 

Sn 

6.27 

75 

La 

7.6.14 

Cu 

7 

?b*4* 

6.15 

Gd 

Mo 

7.634 

Cu 

11 

Te 

5.8 

Ni 

Bi» 

7.6.14 

Cu 

4 

La 

6.12 

35 

Te 

7.523 

Ni 

664 

Pr'«i 

6.12 

Cl 
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Bi** 

7.416 

Se 
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pt 

5.99 

Hg 

40*a 

Bi** 

7.300 

As 

80* 

Tl 
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Hg 

S« 

Pb«* 

7.235 

Fe 

4100 

Pb«" 

5.9 

. . .b 

Cl 

7.285 

Fe 

34 

Ce 

5.646 

Co 

17 

Pr'*» 

7.185 

Se 

80 

3i» 
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Co 

55 

T1 

7.16 

Cu 
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Pb» 

5.53 

70 

La 

7.15 

Mn 

50 

Hg 

5.44 

Hg 

7S« 

Bi* 

7.149 

Ti 

2000 

Hg 

4.903 

Co 

385 

• High-energy  component  of  a complex  spectrum. 

• A broad  scattered  spectrum  with  no  observable  peak  structure 

• There  are  actually  two  lines  of  energies  7.647  and  7.633  MeV  having 
equal  mtensit.es  in  the  iron  capture  jimmi  spectrum.  The  cross  section 
has  therefore  been  corrected,  although  there  is  no  possibility  at  present  of 
deciding  wmch  line  is  responsible  for  each  resonance 

4 Is  probably  an  independent  level ^n  the  complex  spectrum  of  Ni  y 
rays  on  Te. 

• Rough  estimate. 

' May  be  inelastic  component  from  7.528  level  in  Te. 

• The  relative  line  intensities  la  this  case  are  doe  to  Groshev  and 
co  -workers. 

*■  knowo  far  the  worce  at  this  merry. 

DMailt  to  mature  among  the  many  source  lines  present  st  this  energy. 
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Table  1 


Experimental  data  and  results 


Element 

Mg 

Al 

S 

Ni 

Cu 

Zn 

Error  (%) 

target  thickness  (mg/cm1) 

0.8! 

1.54 

0.80 

2.50 

2.68 

3.00 

5*) 

dose  (r) 

6190 

25400 

23200 

3880 

5840 

4220 

10 

yield  absolute  (lCP/mole  • r) 
for  Em  > 3.16  MeV 

0.61 

0.93 

1.46 

1.65 

0.92 

2.42 

11*) 

yield  relative  to  Ni 

0.36 

0.56 

0.88 

1 

0.55 

1.43 

5*) 

r7,jY1t  *,<%) 

9.6 

11.4 

12.4 

7.0 

3.2 

*> 

nuclear  temp,  d (MeV) 

1.43 

1.48 

1.46 

1.04 

0.91 

10 

level  density  parameter  a 
(MeV-1) 

5.1 

4.8 

4.9 

8.6 

10.8 

10 

»)  For  S,  the  error  of  the  target  thickness  has  been  10  %,  of  the  absolute  yield  14  % and  of  the  relative  yield  10  %. 
6)  For  Zn  oVj  tot  is  not  known. 


Fig.  4.  Position  of  the  peaks  in  different  photoalpha  spectra  plotted  against  Z of  the  target  nuclei. 
* : Scheer  et  al 15),  a : Kregar  and  Povn’).  A ; Meneghetti  and  Vitale*),  ♦ : Erdds  et  al  l) 
O : Komar  et  a/7).  • : this  work.  The  signs  show  the  position  of  the  maximum,  the  bars  give  the 
widhs  at  half  maximum.  The  curve  shows  the  height  of  the  Coulomb  barrier. 


Fig.  3d-e.  Photoalpha  spectra  of  Ni  and  Zn.  Notations  as  in  fig.  3a-c. 

Fig.  3f.  Statistical  plot  of  the  measured  spectra.  The  straight  lines  are  drawn  to  give  the  best  fit. 
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Fig.  2.  The  anisotropy  coefficients  a,,  in  the  formula  W(i)  - «,(1  + axPx  -f-  a,Px), 
obtained  in  the  present  work,  and  those  obtained  by  other  workers  in  the  same  cart  of  the 
Periodic  Table.  ^ 
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— 0.3 1±0.06 
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Selenium 

525(1.0±0.05) 

0. 10±0.04 

-0.25±0.05 

380  (1 .0±0.05) 

0.03±0.04 

—0.27  ±0.05 

Niobium 

302  (1  0±0.03) 

0 04  ±0.02 

-0.30±0  03 

Mol)  bdenum 

410(1  0±0. 03) 

0.05±0  03 

— 0.41  ±0.04 

75o(1.0ce0.0C) 

0.05^:0.01 

-0,28±0.02 

Tin 

955(1  0±0.02) 

Q,08±Q,02 

— 0.30  ±0.02 

Lead 

2274  (l»0±0.02) 

0.06±0.02 

— 0.48±0.02 

•For  comparison  purposes  (he  ripen  mental  value  oT  «.  for  PT»  has  been  normalised  to  coincide  with 
•hat  obtained  by  Baa«r  and  McNeill  (1001)  and  is  the  yield  per  moie  per  100  roentgen.  AU  otner 
values  oi  «s  have  also  been  quoted  vrltb  l be  same  normalization. 
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Tabelle.  Zusammenstellung  der  Meflergebnisse 


Em  “36,2  MeV 

EA-49,2  MeV 

T[Ni(y,  t)]IY[C(y,  n)Cn] 

(2,2  ± 0,2)  10-3 

(4,6 +0,4)  10-3 

T[Pd(y,0]/T[C(y,«)Cu] 

- 

(6,1  + 1,0)  10~3 

ff,tNi(y, /)] 

(4,0  + 0,4)  jibam 

(10,5+  1,0)  ubam 

<r,[Pd(y./)] 

— 

(13,8  + 2,3)  ubam 

form  NBS-418 

(R  EV.  7-1  A-  64) 
UJCOMM-OC  26  010-  Pfl 4 


PHOTONUCLEAR  DATA  SHEET  40 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


PeF  S.  Costa,  C.  Manfredotti,  L.  Pasqualini,  F.  Ferrero 

Nuovo  Cimento  54B,  344  (1968) 

SLEM.  SYM. 

Ni 

A 

z 

28 

method 

REF.  NO. 

68  Co  3 



egf 

REACTION 

result 

EXCITATION 

ENERGY 

SOURCE 

oetector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,XN 

ABX 

11-  34 

C 11-  34 

BF3-I 

4PI 

Flfr.  1.  - fclxpcrlmen ta  1 photonoutron  crow-scctloa  in  uatural  XI.  The  vertical  bars  represent  the  dipole 
etreoffthf  predicted  by  the  theory  rs ee  text). 


pc  pm  N3S-4  18 

p EV.  7-»  4- *41 
JSC  CMM-N  0S-OC 


PHOTONUCLEAR  DATA  SHEET 


41 


u.s.  oerartmentof  commerce 

NATIONAL  BUREAU  OF  STANDARDS 


D.  S. 

Phys. 


METHOO 


Fielder,  K.  Min,  and  W.  D.  Whitehead 
Rev.  _L68,  1312  (1963) 

ELEM.  SYM. 

A 

Z 

Ni 

28 

REF.  NO. 

68  Fi  1 

HMG 

REACTION 

RESULT 

EXCITATION 

ENERGY 

• SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,XN 

ABX 

11-25 

C 11-25 

BF3-I 

4-PI 

5-1 


Tablz  II.  Results. 


Nickel  [without  (y,2n)  correction] 


<r«  (mb) 

£»  (MeV) 

<r10,  (MeV  mb) 

Reference 

41.9±0.4 

15.9 

291. 1±  11  (24)* 

This  work 

46  ±1 

16.5 

276  ±25(24)* 

15 

Silver  [with  (y,2n)  correction] 

181  ±1 

16.3 

1254(24)  *•■> 

This  work 

240  ±17 

16.0 

1600(21)»,b 

16» 

* The  numbers  in  parenthesis  are  the  upper  limits  of  integration  for  e\mu 
b Reference  16  gives  the  cross  section  of  Ag1*’. 

• No  errors  are  given  with  these  quantities  because  of  the  uncertainty  in 
the  neutroo  multiplicity  correction. 


Table  m.  Integrated  partial  cross  sections  up  to  24  MeV  for 
the  natural  nickel,  NiM  and  Ni". 


f a&dE 
(MeV  mb) 

fa(y,n)dE 
(MeV  mb) 

fo{y,p)dE 
(MeV  mb) 

fa(y,p)dE/ 

fa\y,n)dE 

Natural 

650 

290 

360 

1.2 

Ni" 

180 

440 

2.4 

Ni" 

570 

160 

0.28 

• Taken  from  Ref.  18.  b Taken  from  Ref.  21. 


” J.  H.  Carver  and  W.  Turchinetz,  Proc.  Phys.  Soc.  (London) 
73,  585  (1959). 


“ D.  B.  Thomson,  Phys.  Rev.  129,  1649  (1963). 
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Fic.  1.  Least-structure  solutions  for  natural  nickel.  Upper 
curve:  optimum  smoothing  using  5*  [Eq.  (3b)];  lower  curve; 
optimum  smoothing  using  Si  [Eq.  (3a)  j. 


Fig.  2.  Least-structure  solutions  for  natural  nickel.  Upper 
curve:  undersmoothed  solution,  z1  — 33.38;  lower  curve:  over- 
smoothed  solution,  x*=  76.05. 
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Fig.  6.  Energy  spectrum  of  photoneutrons  from  natural  nickel  compared  with  the  spectrum  of 
photoneutrons  for  £.  =»  -3  MeV  of  ref.  u)  (dashed  histogram)  and  with  the  evaporation-model 

prediction  (full  Line).  The  normalization  used  is  described  in  the  text. 

2 3 E.  Lejkin,  R.  Osokina  and  B.  Ratner, 
Nuovo  Cim.  Suppl.  1C5  (1965). 
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PHt  Fig.  7.  Polarization  of  photoneutrons  from  “V,  “Mn,  “Co,  natural  Ni,  natural  Pb  and  *“Bi. 
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FIG.  2.  Photoneutron  cross  section  of  natural  nickel 
and  the  sum  of  Ni80  and  Ni5*  contributions. 
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Table  5 

Energies  and  relative  intensities  of  elastic  and  inelastic ‘/-transitions  scattered  from  Ni 


£.,(keV) 

fy(rel) 

/y(rel) *) 

£y(n.-/)f«  ") 

fy(n.'/)F.  "> 

5604-2 

21.0x0.6 

23x8 

inel.  trans. 

o266— 4 

3. 0x0.5 

elastic  trans. 

£y(n,-/)F«  = 6269x8  “) 

3.5 

M70-4 
6977  = 4 

5.2  x0.5 
3.5  ±0.8 

8x2 

inel.  trans. 
elastic  trans. 

7646 

73.8x6.0 

69x6 

elastic  trans. 

£y(n,y)F.  = 7646x1  *) 

32 

*)  Ref.  ®). 
a)  Ref.  • ' ). 
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Fig.  2.  - Number  of  photoneutrons  emitted  at  133®,  normalized  to  the  sum 
rule  factor  NZ/A.  as  a function  of  Z.  In  the  upper  part  is  reported  the  effec- 
tive cross  section  divided  by  NZ/A  for  photoproduction  of  fast  neutrons 
by  X;  MeV  bremsstrahiung  photons  as  deduced  by  Kaushai  et  al.  [)]. 


Fig  1.  - Percentage  of  the  photoncutrons  emitted  at  1 33°.  in  the  ri  sperm.- energy  1 „ , , _ , _ _ 

mterval  as  a function  of  Z.  by  a y- ray  brrmsstrahiung  beam  with  - W ^mshal  al*  * ReV‘  121* 

= 85  MeV.  The  open  circles  represent  the  values  obtained  at  oo°  for 'I.i  and  *B«\  SHE  13iU  (,^96o). 
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F1C  1 Angular  distributions  of  protons  with  energies  of  80.  160. 
and  :85  MeV  produced  from  C'1.  Al2’.  Ni  . and  Ta1*'  nuclei  by  pho- 
tons with  maximum  energy  I 140  MeV.  Only  the  statistical  errors  are 


999  = 1140  MEV 


shown. 
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Fig.  2.  Nuclear  fissilities  as  a function  of  Zi/A. 


Table  1 

The  constant  fission  cross  sections  above  the  threshold 


Element 


Pb 

Au 

Ta 

Yb 

Ho 

Gd 

Nd 


a,  (cm1) 


(5.0i0.2)xlO-J7 
(1-2  ±0.1)  x 10* 17 
O.3±0.2)xl0-J* 
n.a-o.'ixio-1* 

(5.5±0.3)x  10-J» 
(5.3  —0.8)  x 10'1* 
(IMiO.ZJxlO-1* 


Element 


La 

Sn 

Ag 

Mo 

Cu 

Ni 


<rr  (cm1) 


(1.1  ±0.1)  x 10_I* 
(4.3  1.1)  x 10'1* 

(8.4i2.0)xl0-J* 
(I.7±0.4)  x 10"1* 
(6.6±l.2)xK>-« 
(5.8±0.1)x  10'11 
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Tablo  I.  Nuclear 

Forml  momentum  ip  and  average 

nucleon  Interaction 

energy  ' delerru 

Incd  by  leant- 

N<|uareu  fit  of  theory  to  (|iiiuil<iliiHtlc 

peak. 

€ 

Nucleus 

(MeV/c)* 

(MeV) 6 

jLi6 

169 

17 

6c12 

221 

25 

uMg*4 

235 

32 

joCa40 

251 

2S 

2SNi58”7 

260 

36 

v39 
39  Y 

254 

39 

snS  n' * a *7 

260 

42 

rsTa1"1 

265 

42 

265 

44 

JThe  fitting  uncertainty  in  these  numbers  is  approx- 
imately ±5  MeV/c. 

bThe  fitting  uncertainty  in  these  numbers  ia  approx- 
imately ±3  MeV.  Simple  estimates  for  € give  numbers 
in  reasonable  agreement  with  those  in  the  table. 


Fig.  1.  Cross  sections  d2c/dQde  versus  electron 
energy  loss  w =€,-e2  for  Inelastic  scattering  of  500- 
MeV  electrons  at  60“  from  (a)  carbon,  (b)  nickel,  and 
(c)  lead.  Solid  lines  are  the  results  of  the  Fermi -gas 
calculation  with  the  nuclear  parameters  indicated  on 
the  figure. 
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32  MeV  electron  energy 
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Fig  13  EtpenmenuJ  and  theoretical  relative  photo- 
alpha yields  for  32  MeV  electron  beam  energy 
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Fig  2 Angular  distributions  for  32  MeV  electron  energ> 
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Fig.  12.  Experimental  values  of  the  level  density  parameter  (Fermi  gas  formula  plus  pairing  cor- 
rection) versus  atomic  number  A-  The  continuous  curve  is  a least-squares  fit  to  the  data  of  a 
theoretical  calculation  from  Newton  15). 
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Fig.  15.  Ratio  aMia9  versus  atomic  number  A.  Here  is  the  level  density  parameter  taken  from 
the  neutron  resonance  work  of  refs.  1-J),  and  a „ is  the  level  density  parameter  derived  from  the 
present  (y,  n)  work.  Filled  circles  represent  points  where  nuclei  in  the  neutron  resonance  and  in  the 
(y,  n)  experiment  were  the  same.  Open  circles  represent  points  where  the  respective  nuclei  were 
approximately  matched.  Triangles  represent  points  which  are  based  on  measurement  of  neutron 
mean  energies  at  two  bremsstrahlung  energies  only. 
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FIG.  1.  The  measured  quasielastic  peaks;  the  errors  on  the  data  points  do  not  include  an  over-all  3%  normalization 
uncertainty.  The  solid  curve  is  a fit  by  the  Fermi-gas  model  which  yielded  kF  (in  MeV/c)  and  e (in  MeV)  as  follows- 
(a)  sLi  (169,  17);  (b)  ,2C  (221,  25);  (c)  :4Mg  (235,  32);  (d)  40Ca  <249,  33);  (e)  M-7Xi  (260,  36);  (f)  89Y  (254,  39);  (g) 
ll3"Sm  (260,  42);  (h)  latTa  (265,  42);  (i)  30aPb  (265,  44).  The  fitting  uncertainty  in  kF  is  ± 5 MeV/c  and  in  ? it  is  ±3 

-x!eV.  The  small-ampiirudo  dashed  curve  is  ^he  s-wave  t-produciion  contribution,  the  do!- dashed  curve  the  isebar 
excitation,  and  tire  targe-amplitude  dashed  curve  is  the  total  result. 
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Table  1 

Measured  values  of  <r,  at  E=  1000  MeV  and  deduced  values  of  <rk  assumed  constant  from  £0  to  1000  MeV 


999  = 1 GEV 


Element 

z2/A 

(mb) 

£o 

(MeV) 

(mb) 

Ei 

32.96 

12J±0.6 

200 

7.6  + 0.6 

Pb 

3Z45 

5.4  ±0.4 

220 

3.6 + 0.3 

TI 

32.10 

4.1  ±0.3 

230 

2.8 +0.3 

Au 

31.68 

2.0  ±0.15 

240 

1.4  + 02 

pt 

31.18 

1.1  ±0.08 

255 

(8  +0.7)  x 10' 1 

Re 

30.21 

(3.7  ± 0.3)  x 10' 1 

280 

(2.9 +0.3)  x 10- * 

W 

29.78 

(3.5  ±0.3)  x 10" 1 

290 

(2.8 + 0.3)  x 10-' 

Ta 

29.45 

(3.3  ±0.3)  x 10* 1 

300 

(2.7  ±0.3)  x 10* 1 

Hf 

29.04 

(1.7  ±0.2)  x 10" 1 

310 

(1.4  + 02)  x 10" 1 

Yb 

28.31 

(1.3  ±0.1)  x 10~' 

330 

(12  + 0.1)  x 10" 1 

Tm 

28.18 

(7_5  ± 0.8)  x 10"2 

335 

(6.8  + 0.8)  x 10" 2 

Ho 

27.21 

(3.6  ±0.4)  x 10~2 

355 

(3.5  ±0.4)  x 10- 2 

Dy 

26.80 

(2.6  ± 0.3)  x 10~J 

360 

(2.5 +0.3)  x 10- 2 

Tb 

26.58 

(2.5  ±0.3)  x 10- J 

370 

(2.5 +0.3)  x 10- 2 

Gd 

26.04 

(1.6±0.2)x  10~2 

380 

(1.7 +0.2)  x 10- 2 

Sra 

25.56 

( 1.3  ±0.2)  x 10* 2 

390 

(1.4  + 02)  x 10*2 

Nd 

24.96 

(9.2  ±0.9)  x 10- 3 

405 

(1  +0.1)  x I0"2 

Ce 

24.00 

(8  ±0.9)  xlO'3 

420 

(9  +1  ) x 10"3 

La 

23.39 

(8.4 ±0.9) x 10*3 

430 

(1  +0.1)  x 10"  3 

Sb 

21.36 

(1.2 ±0.2)  x 10'2 

460 

(1.5 -*-0.3)  x 10" 2 

Te 

21.19 

(8.8  ±1  ) x 10"3 

465 

(12  + 02)  x 10‘ 2 

Sn 

21.06 

(1.3  ±02)  x 10~2 

465 

(1. 7 + 0.3)  x I0~2 

Cd 

20.49 

(1.7±0.3)  x 10~2 

470 

(2.2 +0.4)  x 10* 2 

Ag 

20.47 

(2  ±0.3) x 10"2 

470 

(2.6  + 0.4)  x 10" 2 

Zn 

13.76 

(2  ±0.4)  x 10- 1 

515 

(3  +0.6)  x 10' 1 

Cu 

13.44 

(2.4±0.5)x  JO' 1 

515 

(3. 6 + 0.8)  x 10~* 

Ni 

13.35 

(2.4  ±0.5)  x 10-' 

510 

(3.6  + 0.8)  x 10- 1 

Fc 

12.10 

(3  ±0.6)  x 10" 1 

510 

(4.4  ±0.9)  x 10* 1 

Fig.  2.  Nuclear  fissilities  as  a function  of  Zz[A.  Experimental  points:  solid  circles  represent  our  data; 
squares,  the  data  from  ref.  *);  open  circles,  the  data  from  ref.  7);  and  crosses,  the  data  from  (p,f)  experi- 
ments20). The  straight  line  is  the  best  fit  calculated  from  our  data  for  Z2,'A>  26.  The  dashed  curve  is  the 
curve  VI  calculated  by  Nix  and  Sassi12). 
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*E  IN  GEV, 1.2, 1.36 

luclastic  electron  jarterinf  ha*  used  to  measure  the  total  hadronic  crou  vecaorj  for  --'^rpoou  of 
photos*  with  energy  150-300  MeY  by  nucia  of  C.  Al.  Ni.  Mo,  and  W.  The  result*  obtained  are  coapareb 
with  calculation*  carried  out  in  the  impulse  appro em taboo. 


f'CaV  [tCmW 


FIG.  5.  Total  hadronic  cross  sections  (or  absorption  of  pho- 
tons by  nuclei.  
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FIG.  6.  The  ratio  <JrA/AorP  as  a 
function  of  A for  * = 0.32  GeV . 
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This  paper  presents  energy  spectra  o£  a particles  emitted  following  the  bombardment  PREEQU  IL  IB  A EMISS 
of  -TA1.  n,,Ni,  S2Mo,  3<Mo,  and  ,32Au  with  120- Me V electrons,  together  with  a-particle  " 

angular  distributions  from  mAu  and  nltNi  for  Ea  = 30  and  50  MeV.  The  data  are  com- 
pared with  preequilibrium  exciton-model  and  statistical-model  calculations.  It  is  con- 
cluded that  few-step  processes  are  dominant  In  the  production  of  a particles  with  ener- 
gies above  20  MeV. 


FIG.  1.  o-parttcle  energy  spectra  at  Sa  =30°,  for  £, 
= 120  MeV.  Errors  shown  are  the  sum  of  statistical 
and  systematic  contributions.  The  solid  lines  are  a 
guide  to  the  eye. 


TABLE  I.  Temperatures  corresponding  to  the  pre- 
equilibrium component  of  the  ( e,a ) reaction,  derived 
from  energy  spectra  at  9 a = 30°  for  Et  - 120  MeV. 


Target 

Temperature3  (MeV) 

2TA1 

5.3 

OAtNl 

5.5 

«Zn 

5.4 

*2Mo 

5.6 

34Mo 

5.4 

1,7  Au 

6.1 

•Error  is  ± 0.2  MeV. 


FIG.  2.  a-particle  energy  spectra  at  d a=  30°,  for  E, 

= 120  MeV.  The  solid  circles  are  experimental  points. 
The  solid  lines  are  the  results  of  preequilibrium  exci- 
ton-model calculations  and  the  dashed  lines  are  the  re- 
sults of  statistical  calculations  neglecting  photon  absorp- 
tion above  Ey  - 33  MeV. 
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Abstract.  New  data  on  electron-  and  bremsstrahlung-induced  8 MeV  z-parucle  emission 
from  Ni  are  shown  to  be  consistent  with  statistical  decay  of  the  excited  nucleus.  This  result 
is  in  marked  disagreement  with  a recent  analysis  of  a similar  experiment  but  ir.  good  agree- 
ment with  (a,  a'x)  coincidence  experiments. 


Figure  I.  Excitation  functions  for  electron-  (open  symbols)  and  bremsstrahlung-  (closed 
symbols)  induced  yields  of  7-5-8- 5 MeV  a particles  from  natural  nickel.  Statistical  un- 
certainties are  shown  or  are  smaller  than  the  size  of  the  symbols ; the  systematic  uncertainties 
are  ^ 7 The  triangles  show  the  present  data  and  the  circles  represent  the  equivalent  data 
derived  from  the  results  of  Woiynec  et  al  (1979)  normalised  to  the  present  radiator  thickness 
of  0-169  g cm' 2.  The  full  curves  result  from  folding  the  bremsstrahlung  and  El  virtual  photon 
spectra  with  the  (y,  a)  cross  section  of  figure  2.  The  broken  curve  A is  the  result  of  multiplying 
the  El -only  calculation  by  a factor  of  1-2,  while  the  broken  curve  B is  the  result  of  including 
a 10°„  swsr  E2  contribution. 
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Table  I.  Reduced  transition  probabilities  Bi£2)  and  transition  radii  Rtr  for  the  first  excited  states  of  the  even 
Ni  isotopes. 
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Fig.  19.  The  theoretical  and  experimental  |Fta|*  versus  q for 
the  Ni“  1.45-MeV  2+  state.  The  solid  curve  is  the  | Fu,  | 1 calculated 
by  Code  qbbow  using  the  strict  hydrodynamic  model  (ct,=e; 

Tli*  best  fit  to  the  data  is  obtained  by  a least -squares 
analysis. 
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Fig.  20.  The  theoretical  and  experimental  | F±  j 1 versus  q for 
the  Ni“  3.03-MeV  V state.  The  solid  curve  is  the  !Fi»|’  cal- 
culated by  Code  gbrow  using  the  strict  hydrodynamic  model 
(ct,  = c; /tr  = i).  The  best  fit  to  the  data  is  obtained  by  a least- 
squares  analysis. 


FORM  N3S-418 

'.REV.  7- t 4-94I 
USCOMM-OC  2S010-P94 


PHOTONUCLEAR  DATA  SHEET  70 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUR  EAU  OF  STANDARDS 


>1.  A.  Duguay,  C.  K.  BockeLman,  T.  K.  Curtis  and  R.  A.  Eisenstein 
Phys.  Rev.  16?.  125?  (1967) 


| EL  EM.  SVM.  \ 


Ni 


53 


28 


METHOD 


Page  2 of  2j 


REF.  NO. 

67  Du  1 


HMG 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

Ni 


»• 


Fio.  21.  The  theoretical  and  experimental  IF^I*  versus  q for 
the  Ni"  3.26-MeV  2*  state.  The  solid  curve  is  the  | Ft,  | * calculated 
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Fig.  1.  Effective  cross  section  of  the 
reaction  NiS8(Y,  Tn).  Upper  figure  - 
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FIG.  1.  Photoneutron  cross  sections  V Ni‘*  and  Ni51. 
The  corrected  values  for  (y,2n>  process  are  shown  by 
circles. 
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FIG.  3.  R\  as  a function  of  q’5  for  E2  transitions.  Straight  lines:  1- 
-Ni5*  (the  points  and  straight  line  are  raised  by  0.5).  2-Ni"\  3-Ni”4 
(the  points  and  straight  line  are  lowered  bv  1.0).  Points:  0-150  MeV 
•-225  McV. 
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Table  IV.  Transition  radii  and  parameters  of  the  vibra- 
tional model  of  the  nucleus  for  E2  and  E3  transitions  in 


Ni5' 

,S0,M 

i , , 

Rt nn 

• 

ax. 

BX 

irotope  M-*«/ 

Our 

CX,.M.V 

MgV-iec 

~ 

result 

("1 

tf 

(BVh.d. 

3—2 

4.45 

5.51 

!73 

82 

20.0 

0.115 

±0.21 

±19 

±9 

±2.: 

-O.iX* 

0—3 

3.13 

8.03 

1*20 

77 

.9 

o.mt 

±0.1, 

±t 

±8 

±2 

±0.006 

0-3 

4.92 

5.55 

153 

56 

20 

0.148 

±0.15 

-:i 

£9 

±2.2 

=0.06 

**  0-3 

5.24 

«.« 

1500 

92 

18.5 

0.097 

±0.10 

±130 

±8 

-1.8 

—0.005 

0-2 

4.9* 

145 

M 

17.8 

0.153 

Ml* 

-0.13 

— 18 

±9 

±t.3 

±0.'«i0 

0-3 

3.34 

1160 

92 

17.1 

0.10.3 

I 

±0.11 

-130 

±2-2 

±0 

(Bxlh.d. 11  ’h«  oscillation  psnmcur  of  th«  nucleus,  obtained  with  > hydrody- 
namics! model. 


FIG.  4.  Form  factor?  for  E3  transitions  in  the  isotopes  Nils  (the  ex- 
perimental data  and  curve  are  multiplied  by  10).  Mi*0.  Si*4  (the  experi- 
mental data  and  curve  arc  divided  by  10).  The  solid  curves  represent  the 
form  factor  calculated  by  Helm’s  model  with  X a 3.  and  the  dashed  curves 
the  form  factor  calculated  by  the  same  model  for  X =*  2 and  X * 4.  Points: 
O and  O-our  data  for  I 50  and  225  MeV,  A-Stanford  data  [*  ] , X-Yale 
data  ['•]. 


I — 


FIG.  J.  Analysis  of  E3  transitions  by  the  model-independent  method. 
Straight  lines:  1— NiJ*  (the  data  and  straight  line  have  been  raised  by  0.5) 
2-Ni*°.  3-Ni4*  (the  data  and  straight  line  have  been  lowered  by  0.5). 
Points:  0-150  MeV,  «-225  MeV. 
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FIG.  2.  Giant-resonance  form  factor  u a funcuon  of  momentum 
transfer  Points:  O— >lau  for  Ni**,  X-t'or  Ni*4,  □— for  Ni5*  The  dashed 
curve,  curve  1,  and  the  dot-dash  curve  were  calculated  from  formula  (2) 
for  the  nuclei  Ni5*-4*'44  respectively,  with  k 3 19  MeV.  Curve  3 was 
calculated  from  the  same  formula  for  Ni*°  with  k * 21  MeV.  Curve  2 is 
a calculation  according  to  the  Goldhaber-Teller  collective  model. 
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of  momentum  transfer. 
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'In  i i ..-.ni  .uni  H.M.  Spici-r,  School  of  Physics,  linivrs'Uy  of 
V"  I • • , i'.i  ri> ; i I 1 1- , Victoria  1032,  Australia. 

Tin  ;ilio I oimmi trmi  v i (•  L(l  curves  for  anil  have  boon  measured  in 

I/-I  NoV  IC||.  I nun  threshold  to  24  MeV,  the  enutrons  being  detected  in  a 
lla  l|iern-ty  |ic  HF-j  counter  system.  The  cross  sections  were  obtained  from  the 
yield  curves  by  the  Leiss-Penl’o  Id  matrix  inversion  method.  A correction, 
based  on  the  statistical  theory  ol'  nuclear  reactions,  has  been  made  lor 
multiple  neutron  emission.  The  derived  cross  sections  ure  shown  in  f inures 
1 and  2. 

The  dotted  curves  on  the  figure  are  the  fits  to  the  dipole  spectrum, 
usinc  Loren Iz  line  shapes,  and  based  on  the  dynamic  collective  model  of  the 
eiaot  resonance  (lluher,  prjv.  comm.  1967),  m which  rpiadrupolc  surface 
vibrations  are  coupled  \ „ the  dipole  vibration.  The  poor  lit  at  low  energies 
is  attributed  to  nogLeci  of  -single  particle  effects. 

Also  shown  in  I igure  1 is  the  result  of  the  collective  correlations 
calculation  for  (-Seaborn,  Drcchscl,  Arenhovcl  and  Greiner,  Phys.  Lott. 

23  (1966)  376).  Here  the  surface  vibrations  are  coupled  to  particle-hole 
dipole  states,  not  just  the  dipoie  state.  This  calculation  for  the 
'Closed-subs he  11  nucleus  60\a  yields  the  result  shown  in  the  full  curve  of 
figure  1.  The  agreement  with  experiment  is  very  much  improved,  indicating 
the  importance  of  including  single  particle  effects. 

The  -..miiarity  of  low  energy  spectra  for  58Ni  and  60\i,  coupled  with  the 
fact  that  the  same  single  particle  states  are  filled  in  the  ground  -tato, 
loads  to  the  expectation  that  the  giant  resonance  structure  will  (>■  similar 
for  the  two  isotopes.  This  is  in  fact  observed. 
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We  measured  the  photoproton  cross  sections  for  the  nuclei  Crsa,  Ni5*,  and  Ni40  from  the  threshold  to 
30  MeV.  We  registered  protons  with  energy  larger  than  1 MeV.  A number  of  maxima  were  obtained 
:n  the  cross  sections.  The  values  of  the  integral  cross  sections  for  Cr5a,  Nls*,  and  Ni*°  are  equal 
respectively  to  240,  570,  and  320  MeV- mb.  The  anomalously  large  cross  section  for  the  production 
of  photoprotons  for  Ni5*,  and  also  the  shift  of  the  centers  of  gravity  of  the  photoproton  cross  sections 
towards  higher  excitation  energies  relative  to  the  photoneutron  cross  sections  in  the  case  of  Cr5a  and 
Ni*°,  can  be  attributed  to  the  influence  of  analog  states. 
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FIG.  2.  Photoproton  cross 
sections  for  Nis®  Cross  section  I 
has  been  obtained  for  protons 
with  Ep  > I MeV  and  the  cross 
section  II  for  protons  with  Ep  > 
8 MeV. 
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The  direct  results  of  the. resonance  scattering  experiments  on  3,Ni  described  in  this  paper  are  listed 

in  the  fourth  column 
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To  arrive  at  the  widths  listed  in  column  5,  the  branching  ratios  given  in  the  third  column  were  used. 
*)  Taken  from  table  4 of  ref.  *). 

”)  See  ref.  *). 

c)  Average  of  the  two  branching  ratios  listed  in  table  3 of  ref.  *). 

“*)  To  simplify  the  tabulation,  the  asymmetrical  errors  given  in  ref.  J)  were  replaced  by  symmetrical 
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Fig.  2.  The  5'Ni(y,  -m)  cross  section  analysed  in  (top)  0.5  and  (bottom)  1.0  MeV  bins.  The  errors 
shown  represent  the  total  experimental  uncertainty  for  each  point.  The  continuous  curve  is  the  shape 
of  the  5'Ni  photo-absorption  cross  section  predicted  by  Huber  6>). 

3M.  G.  Huber,  private  communication  (1967). 
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FIG.  I.  Angular  distributions  of  deuterons  in  (7,  d)  reactions  in 
nuclei  for  E0  = 620  MeV  (a-c)  and  E0  = 1 140  MeV  (d-k).  The  statisti- 
cal errors  are  shown,  a-g-angular  distributions  of  deuterons  with  energies 
of  90  MeV,  h-k-with  energy  160  MeV. 
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The  photoneutron  cross  section  for  YJi  is  interesting  both  because  it  is  anoma- 
lously small  and  because  much  structure  has  been  observed  in  previous  experiments.”-4 
We  have  measured  the  cross  sections,  with  rather  high  resolution,  for  the  first  time 


with  nearly  mcnoer.ergetic  photons  from  in-flight  annihilation  of  positrons  from  the 


new  Livermore  electron-positron  linac.  The  experimental  method  employed  was  similar  to 
that  used  in  a number  of  earlier  experiments5  by  the  Livermore  group.  The  58Ni  content 


of  the  target  sample  was  99.89%.  The  photon  energy  resolution  varied  smoothly  from 
about  50  keV  at  10  MeV  to  approximately  90  keV  at  35  MeV. 

The  experimental  results  are  shewn  in  Fig.  1.  The  error  bars  shown  are  statistical 
only.  In  addition  there  are  several  sources  of  systematic  uncertainty  which  could 
introduce  an  overall'  error  of  up  to  about  10%  in  the  region  of  the  giant  resonance  peak, 
and  perhaps  40%  at  35  MeV. 


The  total  photoneutron  cross  section  reaches  a peak  of  about  25  mb  in  the  neighbor- 
hood of  18  MeV,  end  exhibits  considerable  structure  which  persists  well  above  20  MeV. 

Our  data  are  generally  in  good  agreement  with  the  magnitude  of  the  peak  cross  sections 
obtained  in  previous  experiments2-^  but  disagree  on  the  details  of  the  observed 
structure.  The  (y,2n)  cross  section,  which  has  been  measured  here  for  the  first  tine, 
is  small  (generallv  £ 1 mb)  and  appears  to  vanish  by  about  33  MeV.  The  integrated  total 
photoneutren  cross  section,  up  to  33.5  MeV,  is  286  MeV-mb,  while  the  integrated  (y,2n) 
cross  section  is  7.7  MeV-nfc. 


The  distribution  of  strength  in  the  cross  section,  up  to  25  MeV,  is  in  good  quali- 
tative agreement  with  particle-hole  calculations  of  the  El  transition  strengths;6  how-' 
ever,  Considerable  cross  section  appears  to  lie  above  the  region  of  the  calculaped  di- 
pole strength.  Comparison  of  our  data  with  those  of  Carver  and  Turchinetz1  implies  that 
most  of  the  hi^v-energy  cross  section  results  from  the  (y,pn)  reaction. 


t Work  performed  under  the  auspices  of  the  U.  S.  Atomic  Energy  Commission. 

* Deceased 

1 J.  H.  Carver  and  W.  Turchinetz,  Proc.  Phys.  Soc.  (London)  73_,  585  (1959). 

2 K.  Min  and  T.  A.  White,  Phys.  Rev.  Letters  21,  1200'  (1963). 

3 B.  I.  Goryachev , B.  S.  Ishkhanov,  I.  M.  Kapitonov,  I.  M.  Piskarev,  V.  G.  Shevchenko, 
and  0.  ?.  Shevchenko,  Sov.  J.  Nucl.  Physics  11,  141  (1970)  [Yad.Fiz.  10,  252  (1969)]. 

4 D.  G.  Owen,  E.  G.  Muirhead,  and  B.  M.  Spicer,  Nucl.  Phys.  A140,  523  (1970). 

5 B.  L.  Berman,  J.  T.  Caldwell,  R.  R.  Harvey , M.  A.  Kelly,  R.  L.  Brambletrt,  and  84 

S.  C.  Fultz,  Phys.  Rev.  162,  1098  (1967).  (over) 

6 Y.  Tanaka,  Prog.  Theor.  Phys.  46,  737  (1971). 


DEPARTMENT  OF  COMMERCE 

At-  BUREAU  OF  STANDARDS 


Figure 


1.  Fhotoc.eucrcn  cross  sections  of 

(a)  Total  ohctone utron  cross  sec*"' cn 
(b;  aC(Y>n)  - (Y,?n)];  <c)  cr(v,2n5. 


Photon  Enery  • MeV 

53... 


Thresholds  are  ir.dicated  by 
c[(Y,n)  + (y ,on)  +•  (y,2n)]; 


arrcw 


85 


K.  Itoh,  M.  Oyamada,  and  Y.  Torizuka 
Phys.  Rev.  C7 , 458  (1973) 


ELEM.  SYM. 


Ni 


58 


73  It  1 


28 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

FMF 

0 

1 

^4 

D 183,250 

MAG-D 

82 

See  69To3. 


LEVEL  AT  5.  15  MEV 


250  MtV  32  r 


C«»recrM  (»  Effort 


£lCi*Cfion  (MeV) 


FIG.  1.  The  spectrum  of  58Ni  for  inelastic  electron 
scattering  obtained  at  250  MeV  and  3222”  indicates  a 
prominent  peak  at  5.15  MeV. 


' FIG.  2.  The  experimental  form  factors  for  the  5” 
states  compared  with  the  theoretical  form  factors  cal- 
culate for  the  (1/j/j,  l/T/j-1)  configuration. 
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Table  1 Eacpe  risen  Cal  and  theoretical  results 


Nucleus 

To 

f_  3) 
)an 

(mb-MeV) 

K 

(nb-MeV) 

f°n+  fa? 
(mb-MeV) 

faP 

! c>I 2 

J an+ 

|c<|2+  I c>| 2 

53m. 

Ni 

1 

310130 

4801100 

7901130 

0.61 

0.45 

60Ni  : 

2 

620=50 

2101S0 

8301130 

0.25 

0.27 
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110125 
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TABLE  IL  Integrated  photoneutron  cross  sections  and 
related  quantities  from  the  data  of  the  present  experi- 
ment. The  definitions  used  In  this  table  are 


OdEy,  G. 


f&y  «UX 

/ E?odE7, 


where  Eaa  is  the  threshold  energy  (see  Table  D and  Ey 
is  the  photon  energy;  the  quantity  (y,Sn)  is  defined  In 
Ref.  17.  Errors  on  the  integrated  cross  sections  are 
dominated  by  the  systematic  errors  as  discussed  in 
Sec.  HI  of  the  text. 


5*Ni 

MN1 

33.5  MeV 

33.5  MeV 

vitiy.Sn) 

286  MeV  mb 

70-1  MeV  mb 

Gint  (7. 2n) 

7.65  MeV  mb 

72.2  MeV  mb 

Om,[<7,a>+<7.Pn)la 

278  MeV  mb 

632  MeV  mb 

cmt  (T.  2a)/Cint  ( y.Sn) 

0.027 

. 0.103 

<T.t(7,Sn) 

13.  S mb 

35.6  mb 

ff_2(7.Sn) 

0.700  mb  MeV-1 

1.90  mb  MeV"* 

CTint  (7-  Sit  )/60  (NZ/A) 

0.329 

0.786 

* This  quantity  was  obtained  by  subtracting  <r M (7. 2a) 
from  0*1  (Y.Sn):  direct  integration  of  the  single-photo- 
neutron cross  sections  gave  the  same  values  to  within 
0.5%. 


TABLE  TV.  Comparison  of  integrated  total  photoneu- 
tron cross  sections  otal(y,Sn)  with  those  from  previous 
experiments. 


saN1 

*®Ni 

Reference 

Ey  m (MeV) 

(MeV  mb) 

(MeV  mb) 

This  experiment 

30 

256 

643 

Ref.  6 (Moscow) 

30 

310 

S20 

This  experiment 

25 

204 

537 

Ref.  5 (Virginia) 

25 

185 

482 

FORM  NSS-418 
iPEV.  7-I4.M) 
USCOUM-OC  280I0-P64 


(over) 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU C-  STANDARDS 


PH0T0NUCLEAR  DATA  SHEET  88 


TABLE  m.  Energies  (MeV)  at  which  peaks  appear  in 
the  <y,Sn)  cross  sections  of  saNi  and  “Nl.  The  energies 
listed  are  those  at  which  peaks  or  shoulders  exist  in  the 
cross  section.  Actual  resonance  energies  might  be 


slightly  different. 


Peak  No.  * 

"N!  * 

*°N1 

1 

12.3 

12.6 

2 

12.8 

13.7 

3 

13.1 

14.4 

4 

13.6 

15.1 

S 

14.2 

15.5 

6 

15.7 

16.3 

7 

16.3 

17.0 

8 

17.3 

17.7 

9 

17.7 

18.6 

10 

18.2 

19.6 

11 

18.6 

21.2 

12 

19.3 

22.1 

13 

22.6 

24.5 

14 

23.8 

15 

24.9 

16 

25.7 

* We  have  included  in  the  tabulations  only  the  more 
•ell-defined  peaks  (or  shoulders*.  In  addition  there  are 
possible  broad  peaks  at  approximately  20.7,  27.3,  and 
30.9  MeV  in  s,Ni,  and  at  23.5,  26.1,  27.5,  and  30.3  MeV 
in  *®Ni,  but  the  data  are  not  sufficiently  detailed  to  make 
a more  definitive  judgment  about  these. 


TABLE  V.  Integrated  total  photon  absorption  cross 
sections  and  related  quantities  from  the  combined  data 
of  the  present  experiment  and  Ref.  7.  The  (y.Xp)  cross 
sections  of  Ref.  7 have  been  used  rather  than  those  of 
Ref.  8 because  the  former  extend  over  a wider  energy 
range;  in  their  mutually  inclusive  energy  range  (see 
Figs.  5 and  S)  the  integrated  cross  sections  from  the 
two  (y.Xp)  measurements  agree  to  within  2%  for  5!N1 
and  10%  for  °°Nl,  the  values  derived  from  the  data  of 
Ref.  8 being  the  larger  in  both  cases.  The  total  photon 
absorption  cross  section  u(y,  total)  is  assumed  to  be 
equal  to  a(y.Sn ) +<j(y,Xp);  that  is  the  photon- scattering 
cross  section  is  assumed  to  be  negligible  and  double 
counting,  owing  to  the  presence  of  a(y.pn)  in  both 
a(y.Sn)  and  a(y,Xp),  is  ignored.  The  latter  effect  Is 
reasonably  compensated  for,  however  (see  footnote  a). 


s,Ni 

50Ni 

33.5  MeV1 

33.5  MeV1 

<7^,  (Y,  total) 

850  MeV  mb 

1025  MeVmb 

<r_l(y,  total) 

41.3  mb 

48.7  mb 

total) 

2.09  mb  MeV-1 

2.62  mb  MeV_t 

(Tin,  <T.  total)/ 

0.98 

1.10 

(60  NZ/A) 

a_,(y,  total) A44n 

0.18 

0.21 

(T.ily.totaD/A5^ 

0.002  64 

0.002  86 

* The  (y.Xp)  data  extend  only  to  30.1  MeV  for  58NI  and 
30.5  MeV’  for  MNl;  above  these  energies  we  have  used 
die  (y.Srt)  cross  section  only.  Since  much  of  the  high- 
energy  cross  section  probably  comes  from  the  (y.pn) 
process,  the  error  introduced  is  probably  small  and 
might  very  well  compensate  for  the  double  counting  of 
the  (y.pn)  cross  section  below  30  MeV. 
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Table  : 


Daughter 

nucleus 

Level 

(J1 

(mb) 

(MeV) 

J * 

**Ca 

0 

0* 

£0.2” 

1.16 

1 4> 

§0.5'’ 

5STi 

0 

0* 

0.41  -0.05 

2.68 

4* 

(0.5)c 

‘’Fe 

0 

o- 

0.23  ±0  08 

3.24? 

0*? 

(1.5)' 

!"Co 

0 

2.5  ±0.2" 

1.76 

3/2* 

l.2±0.3 

1.90 

7/2* 

0.9  ±0.2 

2.31 

7/2- 

(0.9)' 

?<Co 

0 

7/2* 

3.5  ±0.8 

•!Ni 

0 

o- 

0.51  ±0.09 

1.18 

- 

0.2  ±0.1 

* The  quoted  errors  are  only  those  due  to  counting  statistics. 
” Confidence  level  95  °'0. 

■ Uncertain  because  of  large  background. 

* <r  = 2.4mb  from  [43]. 

43.  Miyase,  H-,  Oikawa.S..  Suzuki.  A_  Uegaki,  J,  Saico.TU  Suga- 
wara,  M_  Shoda.  5C:  The  photoproton  reactions  of  Ni-isocopes. 

In.  Proc.  Int.  Coaf.  Photonuclear  Reactions  and  Applications, 

Vol.  I,  p.  553.  Livermore.  USA  1973  (see  ReC  13) 
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The  energy  spectra  of  charged  photopions  from  MFe,  *‘Fe,  and  s,Ni  targets  irradiated  with  brerasstrahlung 
of  maximum  energy  500  MeV  have  been  measured  at  photopion-emission  angles  of  30,  60,  90,  120,  and 
150*  in  the  lab  system  over  the  kinetic-energy  range  from  15  to  80  MeV.  Isotope  effects  are  found  in  the 
it  yields  at  30,  60,  and  90*.  At  all  angles  and  energies,  the  ir+  yields  are  the  same  for  all  three  targets 
within  the  experimental  error. 


X~-  meson*  JT*-  mu 


FIG.  1.  Energy  spectra  of  charged  photopions  from  MFe, 
ssFe,  and  MN1  targets  (open  circles,  black  circles,  and  tri- 
angles, respectively)  at  E$- 500  MeV.  The  error  bars  repre- 
sent statistical  errors.  The  histograms  on  the  r*- meson  plots 
represent  the  results  of  cascade-model  calculations  for  ssFe. 
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FIG.  7.  Comparison  of  measured  cross  section  with 
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FIG.  9.  Decomposition  of  the  differential  cross  sec- 
tion at  9-160*  for  the  partially  resolved  £x  » 5.92  and 
6.05  MeV  and  £,-7.09  and  7.24  MeV  states  as  a func- 
tion of  £„  the  Incident  electron  bombarding  energy.  The 
data  are  shown  compared  to  .Vfl  and  .Vf2  DWBA  calcula- 
tions. 
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FIG.  8.  Comparison  of  measured  cross  section  with 
DWBA  predictions  plotted  as  a function  of  £,  for  states 
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TABLE  IL  Measured  excitation  energies,  Jr  assign- 
ments, and  reduced  AfL  transition  probabilities  for  le- 
vels In  s,*®Ni. 


Es  (MeV) 
Exp1 * 

Ej  (MeV) 

J * Predicted1*  Parent 

HATH 

(eV)d 

«Nl 

wNl 

s,Co 

9.85 

• (1*) 

9.87 

1.05 

(0.32)* 

(3.4)* 

10.18 

1* 

10.25 

1.43 

0.59 

7.2 

10.55 

1* 

10.55 

1.73 

0.21 

3.0 

10.66 

l” 

10.S8 

1.86 

0.41 

5.7 

11.03 

l-” 

11.06 

2.24 

0.36 

5.6 

*Nl 

MNi 

®Co 

11.9 

1+ 

11.87 

0.74 

0.46 

8.9 

12.3 

1* 

12.34 

1.21 

0.2S 

3.6 

13.1 

(1*) 

13.11 

1.98 

SO. 06 

51.5 

13.4 

(1+) 

13.35 

2.22 

—0.06 

51.5 

13.3 

(1*) 

13.84 

2.71 

50.06 

51.8 

1 Energy  uncertainty  is  ±0.04  MeV  in  ^Ni  and  ±0.1  MeV 
in  “Ni. 

b To  get  predicted  energy  in  MNl  add  8.82-MeVto  ex- 
citation energies  In  5,Co  and  for  aoNl  add  11.13  MeV. 
eA/l  strength  uncertainty  is  estimated  to  be  about 
94  ±25%  for  individual  levels. 

d r(Ml)  =0.0115  Ex3  B{M1). 

* Tentative  Ml  identification  (see  text). 


Table  3 


The  proton  decay  probabilities  in  the  various  channels 


Final  states  (MeV) 

Initial  states  (MeV) 

0Of7,i) 

* 1J 

3J0O 

6.2<2s*i) 

9.6(ld1-‘x) 

5,Ni 

11.0-16.0 

16.8 

18.4 

19.1 

21.0 

23.3 

10 

S 

S 

* 100 
10 
20 
20 
10 

80 

73 

23 

20 

10 

30 

70 

30 

60 

x 

23.2 

x 

26.5 

X 

27.3 

*°Ni 

11.0-16.0 

16.4 
18.6 

20.4 
23J 

20 

20 

5 

3 

as  100 
10 
10 
3 
5 

70 

70 

40 

10 

30 

50 

30 

23.8.  26.6,  27 J 

n T n v:  i » r i 
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Ni 
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28 


REF.  NO. 

76  Mo  5 


egf 


REACTION 

RESUL  T 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/P 

ABX 

8*  80 

D 497 

MAG-D 

53 

* MISSING  ENERGY 


Fig.  15.  Missing  energy  spectra  from  ;,Ni(e,  e'p);  (a)  0 g P g 60  MeV/c,  (b)  60  g P g 108  MeV/c 

and  (c)  172  g £ § 243  MeV/c. 


Fig.  16.  Momentum  distribution  from  58Ni(e,  e'p)  for  7 g.  £ g 9.5  MeV.  The  solid  line  represents  the 

DWLA  calculation. 


form  N3S-418 

^Ev.  7-  1 4-  64) 
JSC  OMM-N  BS-O  C 


PHOTONUCLEAR  DATA  SHEET  96 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


R.A.  Lindgren,  J. 3.  Franz,  W.J.  Gerace,  R.S.  Hicks,  A.  Hotta, 
D.  Huse,  G . A.  Peterson,  R.C.  York,  C.F.  Williamson  and 
S.  Kowalski 

Phys.  Rev.  Lett.  41,'  1705  (1978) 


ELEM.  SYM. 


Ni 
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78  Li  3 


REACTION 

SOURCE 

DETECTOR 

ANGLE 

result 

ENERGY 

TV  PE  RANGE 

TYPE  R AN  GE 

E,E/ 

FMF 

5 

D 120-264 

MAG-D 

DST 

_rs_ 


Transverse  (£6)  and  longitudinal  (C6)  cross  sections  for  the  excitation  of  the  Jw  = 6+, 
£,  = 5.125  MeV  state  In  5,Nl  were  measured  by  means  of  Inelastic  electron  scattering. 
The  deduced  isoscalar  component  of  the  particle-hole  wave  function  is  found  to  be  two 
orders  of  magnitude  greater  in  amplitude  than  the  isovector.  This  implies  that  the  par- 
ticle-hole isospin  is  relatively  pure  r = 0 and  is  not  significantly  mixed  with  r=l. 


FIG.  2.  The  extracted  transverse  and  longitudinal 
form  factors  compared  with  calculations  described  in 
text. 


TABLE  I.  A tabulation  of  our  measured  cross  sec- 
tions for  the  5.125-MeV  state  for  various  energies  and 
angles  that  were  used  to  deduce  the  transverse  and 
longitudinal  form  factors. 


£, 

9 

* 

4, 

da/dQ 

(MeV) 

(deg) 

(fm*1) 

(fm* ') 

(nb/sr) 

139.6 

120 

1.64 

1.71 

3.41  ±0.11 

228.1 

120 

1.97 

2.04 

1 .35  ± 0.03 

251.1 

120 

2.17 

2.24 

0.40  ±0.04 

120.4 

160 

1.17 

1.25 

0.41  ±0.04 

131.1 

160 

1.28 

1.36 

0.60±  0.11 

153.2 

160 

1.50 

1.58 

0.64  ±0.03 

167.0 

160 

1.64 

1.72 

0.57  ±0.02 

200.4 

160 

1.97 

2.05 

0.92  ± 0.07 

221.5 

160 

2.13 

2.26 

0.067±  0.008 

242.6 

160 

2.39 

2.47 

0.017  ± 0.003 

131.1 

180 

1.30 

1.38 

0.20±  0.02 

195.2 

180 

1.95 

2.03 

0.13±  0.02 
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REF.  NO. 

78  Ma  10 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE 

RANGE 

TYPE  RANGE 

G,N 

ABY 

12-68 

C 

30-68 

ACT  - Jr 

4PI 

G,PN 

ABY 

20-68 

r 

30-68 

ACT  - x 

TFT 

G,2N 

ABY 

22-68 

c 

30-68 

ACT  “ jr 

4PI 

Analysis  is  made  of  reactions  interfering  with 
photon  activation  analysis  procedures. 


The  activation  yield  curves  have  been  presented  for  a number  of  photonudear  reactions  in  the  energy  range  from  30  to 
68  MeV,  in  order  to  evaluate  quantitatively  the  interferences  due  to  competing  reactions  in  multielement  photon  activation 
analysis.  The  general  features  of  the  yields  as  functions  of  both  target  mass  number  and  excitation  energy  were  elucidated 
from  the  data  obtained,  discussion  being  given  on  the  results  in  terms  of  the  reaction  mechanism. 

Simultaneous  neutron  activation  due  to  appreciable  neutron  production  from  the  converter  and  surrounding  materials 
has  also  been  studied,  and,  finally,  the  magnitudes  of  interferences  in  real  multielement  analysis  were  given  in  the  form 
of  their  energy  dependences. 


Nr 

Fig.  2.  Yield  per  equivalent  quanta  versus  target  neutron  num- 
ber. 


E max  (MeV) 

Fig.  6.  Activation  yield  curves  for  the  reactions  on  Co.  Ni  and 
Cu. 

3 5,Co(y.n)5,Co.  o -;,Co(y.  2n)s7Co,  * -4*Ni(y.  n)57Ni. 

7 pn)-'6Co.  ▼ 40Ni(y.  pn)5!Co.  x :'?Ni(y,  2n)56Ni. 

— ^Cu(’/,  n^’Cu.  a o3Cu'  y,  2n)6!  Cu.-  O 5-  Cue/,  ,zn)-'3Co. 


N 3S-4  18 


(over) 


E ma«  ( M «V  ) 


Fig.  9 Yields  of  the  (y.  n)  reactions  as  a function  of  brems- 
strahlung  maximum  energy  and  target  mass  number.  The 
numerical  values  in  the  figure  are  yields  per  equivalent  quanta 
in  mb. 


Target  mass  number 

Fig.  II.  Yields  of  the  (•/.  pn)  reactions  as  a function  of  brems- 
strahlung  maximum  energy  and  target  mass  number.  The 
numerical  values  in  the  figure  are  yields  per  equivalent  quanta 
in  mb. 
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EL  EM.  SYM. 


Ni 


58 


28 


METHOD 


REP.  NO. 

78  Me  1 


hmg 


REACTION 

result 

EXCITATION 

energy 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

A,G 

ABX 

13-  19 

D 7-  14 

NAI-D 

DST 

The  reaction  ^Fefa.y^Ni  has  been  studied  for  7.6  > £0  > 12.8  MeV.  Seventeen  angular  distributions  have 
been  measured  in  this  energy  region  making  it  possible  to  separate  the  E 2 strength  from  the  £1  strength. 
The  £1  cross  section  reaches  a maximum  at  about  the  expected  energy.  A compact  £2  resonance  was 
observed  which  agrees  quite  well  with  the  one  measured  by  inelastic  a scattering,  with  a peak  cross  section 
at  about  16  MeV  and  a width  of  -3  MeV(ha!f  width  at  half  maximum).  The  observed  £1  strength  equals 
0.9%  of  the  isospin  allowed  £1  sum  rule.  The  measured  E 2 strength,  however,  equals  4.3%  of  the 
isoscalar  £2  sum  rule,  which  is  about  the  same  as  the  fraction  of  the  total  £1  strength  in  3,Ni  excited  by 
proton  capturt . Assuming  only  statistical  processes  and  applying  the  Hauser-Feshbach  formula  to  calculate 
the  total  y absorption  from  the  measured  particle-capture  cross  sections  leads  to  the  conclusion  that  the  (a,y) 
reaction  exciting  the  isoscalar  giant  quadrupole  resonance  and  the  (p,y)  reaction  exciting  the  giant  dipole 
resonance  must  have  direct  components. 


FIG.  2.  .Angular  distributions  of  the  ^Fefo,  y)MNi  re- 
action. 


Ex  (MeV) 


FIG.  3.  The  ratio  fl  = <r(£2):cr(£3)  as  function  of  energy. 
The  estimated  error  is  indicated.  Crosses  indicate 
angular  distribution  measurements  with  only  three 
angles. 
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FTG.  7.  The  cross  section  of  the  MNi(Y,  or0)  is  Pre* 
seated  as  function  of  the  excitation  energy  in  aNTi.  The 
small  contribution  of  the  GQR  is  subtracted.  For  com- 
parison the  cross  section  of  the  ^Nify.pj)  (see  Ref.  6) 
is  shown. 


FIG.  8.  The  cross  section  of  the  MNi(y,  oe0)  reaction 
exciting  only  the  GQR  Is  shown  as  function  of  the  energy. 
For  comparison  an  older  measurement  of  the  reaction 
^Sifr,  a0)24Mg  (Ref.  7)  had  been  partially  reanalyzed  for 
a more  detailed  extraction  of  the  £2  strength. 


TABEL  I.  Determination  of  absolute  cross  sections  of  the  54,5aFe(a ,y0)s*,80Ni  reactions  by 
using  the  known  reactions  ^Ctp.yo^N  and  i*Co(p for  normalization  (see  text). 


Target 

da/dQ  Oib/sr) 

£ a 

S 

thickness 

normalized  to 

Reaction 

(MeV) 

(deg) 

(mg/cm2) 

’JC(p.y0>,IN‘ 

S9Co(p, Yo' *^i * 

MFe(«.Y0>MNl 

10.0 

90 

1.1 

1.3  *0.2 

1.2  ±0.2 

!iFe(o.y,)i0Ni 

10.0 

90 

1.0 

0.56  *0.15 

0.53  ±0.15 

‘Reference  12. 
“Reference  13. 


6H.  Miyase,  S.  Oikawa,  A.  Suzuki,  J.  Uegaki,  T.  Saito,  M.  Sugawara, 
and  K.  Shoda,  in  Proceedings  of  the  International  Conference  on 
Photonuclear  Reaction  and  Applications,  Asilomar,  March  1973, 
edited  by  B.L.  Berman  (Lawrence  Livermore  Laboratory,  Livermore, 
1973),  Vol . 1,  p.  553. 

\.  Meyer-Schutzmeister,  Z.  Vager,  R.E.  Segel , and  P.P.  Singh, 

Nucl . Phys.  A108,  180  (1968) 

^F.S.  Dietrich,  M.  Suffert,  A.V.  Nero,  and  S.S.  Hanna,  Phys.  Rev. 
168,  1169  (1968) 

' ^ E . M . Diener,  J.F.  Amann,  P.  Paul,  and  S.L.  Blatt,  Phys.  Rev.  C 
3,  2303  (1971) 
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REF.  NO. 
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hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,P 

ABX 

12-35 

D 12-35 

MAG-D 

UKN 

E,A 

ABX 

12-35 

D 12-35 

MAG-D 

UKN 

Cross  sections  have  been  measured  for  NiS8(e,e'p)  and  Ni38(e,e'a')  reactions. 
Virtual  photon  spectra  calculated  in  the  distorted  wave  Bom  approximation  have 
been  used  to  analyze  the  experimental  results.  An  electric  quadrupole  (£  2)  giant 
resonance  has  been  found  which  decays  principally  by  the  emission  of  a-particles. 

PACS  numbers:  24.30.Cz,  25.30.Cg,  27.40.  + z 


VIRT  PHOTON  ANAL 


TABLE  I. 


Ni5W) 

Ni53(y,a) 

f oiEyJJEy 
0 

McVmbam 

multi- 

polarity 

<°o 

MeV 

r 

MeV 

MeV-mbam 

s 

0/ 

/o 

539  ± 33 

El 

19.1  ±1.0 

4.6  ±0.4 

15.9  ±2,3 

1.8  ±0.3 

570  ±60  [4] 

E2 

16.0  ± 1.0 

2.5  ±0.5 

5.4  ± 1.4 

47  ± 12 
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FIG  I a-Cross  section  for  the  Ni  "(e.e  p)  reaction  (circles)  and  the  Ni  '(y.p)  reaction  under  the  assumo- 
tiuti  that  all  the  transitions  are  £1  transitions  (square's);  b-same  as  Fig.  la.  but  for  the  Ni  "(e.c’n)  and 
Ni‘\  y.a)  reactions,  c-meaxurcd  emission  of  protons  (dark  circles)  and  a-particles  (open  circles)  corre- 
sponding!) in  the  Ni"‘()V)  and  Ni"(y.a)  reactions.  Curses  1 and  2 are  the  expected  emivsion  respectively  of 
protons  and  <r-parttc!es  unJer  the  assumption  of  £ 1 transitions  Curve  3 is  the  same  as  curve  2.  but  under 
the  assumption  of  E2  transitions.  The  measured  proton  emission  is  normalized  to  curve  I at  an  arbitrary 
point 


103 


rbp.  E.  Wolynec , W.R.  Dodge,  E.  Hayward 
Phys.  Rev.  Lett.  42_,  27  (1979) 


EL  EM.  SYM.  A Z 


METHOD 


Ni 

REF.  NO. 


58 


28 


79  Wo  3 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,XP 

ABX 

8-50 

D 16-50 

MAG-D 

4PI 

E,XA 

ABX 

6-50 

D 16-50 

MAG-D 

4PI 

The  ( e,p ) and  (e,a)  cross  sections  for  targets  of  58Ni,  S0Ni,  and  n2Ni  have  been  meas- 
ured in  the  electron  energy  range  16-50  MeV.  They  have  been  analyzed  using  the  dis- 
torted-wave Bora- approximation  £1  and  £ 2 virtual- photon  spectra.  Protons  are  emitted 
primarily  following  £1  absorption  but  a emission  results  from  a combination  of  £1  and 
£2  absorption.  The  £2  isoscalar  giant  resonance  decays  predominantly  by  a emission 
for  these  nuclei.. 


(E,XP)  VIRTUAL  PHOTON  G,XP 

(E,XA)  VIRTUAL  PHOTON  G,XA 

See  also  80  Wo  1 


TABLE  I.  Resonance  parameters  for  oy>. 


Nucleus 

£r 

(MeV) 

r 

(MeV)a 

dE 

(MeV  mb) 

SR" 

(?c) 

53Ni 

19.2  ±0.5 

6.5 * 1.3 

733  * 40 

85  * 5 

S0Ni 

18.5  * 0.5 

9.2*  1.8 

304  = 20 

34  e 2 

62  Ni 

21.0  t 0.5 

5.8  *1.0 

140*  10 

15*  1 

iT  is  the  full  width  at  half  maximum. 
bSR  stands  for  sum  rule;  the  £1  SR  equals  60  NZ/A 
MeV  mb. 


TABLE  IX.  £1  components  in  the  (y,a)  reaction. 


Nucleus 

(MeV) 

r 

(MeV)a 

JcdE  . 
(MeV  mb) 

SRb 

(7) 

58Ni 

18.3*0.5 

6*  1 

15.3  = 1.3 

1.8*  0.2 

S0Ni 

21.5*  1.0 

6*1 

18.5*  1.4 

2. 1*0.2 

S2Ni 

18.3*1.0 

5*1 

4.8*  0.6 

0. 5*0.1 

1 T is  the  full  width  at  half  maximum. 
b£l  SR  equals  60 NZ/A  MeV  mb. 


TABLE  III.  £2  components  in  the  (y ,a)  reaction. 


Nucleus 

(MeV) 

r 

(MeV)a 

jCdE 
(MeV  mb) 

SRb 

(7) 

58Ni 

16.5*0.5 

4.2*  1.0 

10.4*  0.7 

56*4 

80  Ni 

16.0  * 0.5 

3.7*  0.3 

6.9  = 0.4 

52  = 3 

52  Ni 

16.8*0.5 

4.5*  1.0 

5.1  = 0.4 

23*  2 

aT  in  the  full  width  at  half  maximum. 
b£2  SR  equals  0.22  z'/A^  ^b/MeV. 


FIG.  2.  The  cross  section  for  the  production  of  pro- 
tons, cr ei>(£0),  when  electrons  of  total  energy  £0  are 
Incident  on  a '8Nl  target  (open  circles).  The  closed 
circles  represent  the  yield  of  protons  obtained  when  a 
0.217-g/cm‘  Ta  foil  was  placed  in  the  incident  electron 
beam.  Curve  A is  predicted  using  1.26  times  the  (y,p) 
cross  section  of  Ref.  6 along  with  the  £1  virtual-photon 
spectra  in  Eq.  (1).  Curve  3 is  obtained  by  taking  into 
account  the  radiator  thickness  according  to  Eq.  (2). 
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FIG.  3.  The  measured  a#>a(£j)  (open  circles)  for  55Ni 
as  a function  of  total  incident  electron  energy,  £0.  The 
closed  circles  represent  the  electrodisintegration  plus 
photodisintegration  yield  obtained  when  the  0.217-g/cm" 
tantalum  foil  was  Interposed  In  the  Incident  electron 
beam.  Curve  A is  the  best  fit  to  the  data  obtained  by 
using  the  £1  and  £2  virtual- photon  spectra  in  Eq.  (1) 
along  with  the  two  resonance  lines  whose  parameters 
are  given  In  Tables  II  and  III.  Curve  3 is  the  corre- 
sponding result  with  the  radiator  in,  obtained  using  Eq. 
(2).  Curve  D was  predicted  using  the  best  £1  fit  to  the 
data,  a 22-MeV-wide  resonance.  Curve  C was  pre- 
dicted using  the  best  £2  fit  to  the  data.  This  figure  is 
Intended  to  show  that  both  £1  and  £2  components  are 
necessary  to  explain  the  (<?,  o)  cross  section. 
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New  data  are  presented  on  the  photodisintegration  of  the  enriched  isotopes  !,Ni  and  “Ni  under  bombardment 
by  photons  with  maximum  energy  4.5  GeV.  The  isotope  effect  in  photonuclear  reactions  with  formation  of 
residual  nuclei  is  investigated.  The  experimental  yield  values  are  compared  with  theoretical  calculations  by 
Rudstam's  formula.  In  the  results  we  observe  a systematic  shift  of  the  experimental  disintegration  yields  in 
comparison  to  the  calculated  values.  An  exponential  dependence  is  found  for  the  ratios  of  the  yields  of  the 
residual  nuclei  from  the  5,Ni  target  to  the  yields  of  the  same  nuclei  from  MNi  as  a function  of  the  third 
projection  of  the  isotopic  spin  of  the  product  nucleus,  and  an  exponential  dependence  is  found  for  the  ratios  of 
the  experimental  yield  values  to  the  theoretical  values  as  a function  of  the  difference  of  the  third  projections  of 
the  isotopic  spins  of  the  target  nuclei  and  the  residual  nuclei. 


PACS  numbers:  25.20.  + y,  27.50.  + e 


FIG.  1.  Distributions  of  independent  yields  of  Co  residual 
nuclei  in  mass  number.  The  solid  curve  is  a calculation  with 
Eq.  (1 ),  and  the  dashed  curve  has  been  drawn  from  the  experi- 
mental points. 


FIG.  3.  Ratio  of  yields  of  identical  residual  nuclei  from  two 
isotopes  of  the  target  nuclei  as  a function  of  the  third  projec- 
tion of  the  isotopic  spins  of  the  residual  nuclei.  Curve  1 is  the 
function  15  exp  ( — f3 ) . and  curve  2 is  calculated  with  Eq.  (1). 
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FIG.  2.  Charge-dispersion  curves  of  residual  nuclei  from  tar- 
gets of  58Ni  ( a ) and  MNi  ( b ) . 
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The  cross  section  for  electron  scattering  from  the  isotopes  ’'Ni  and  “'Ni  has  been  measured  with  electrons 
of  102  MeV  at  scattering  angles  of  45,  60,  75,  90,  and  105"  between  3 and  50  MeV  excitation  energy. 
Resonances  or  resonancelike  structures  at  approximate  excitation  energies  of  (7-8)  MeV,  13  MeV,  (16-17)  . 
MeV,  (18-19)  MeV,  27  MeV,  32  MeV,  and  40  MeV  were  classified  on  the  basis  of  their  momentum 
transfer  dependence  and  discussed  in  the  framework  of  the  shell  model.  Difficulties  in  the  extraction  of  the 
cross  section  and  model  dependencies  of  the  interpretation  are  discussed. 


NUCLEAR  REACTIONS  MNi  {e,e' ) and  s<lNi  (e,e’),  £0=102  MeV.  Measured 
d2a  /dtidEx,  bound  and  continuum  states  (giant  resonances).  Deduced  multi- 
polarity, reduced  matrix  element  B(E\),  sum  rule  exhaustion  of  giant  reson- 
ances, total  width  of  continuum  and  clustered  states. 


FIG.  4.  Comparison  of  spectra  of  102  MeV  electrons  scattered  at  75°  from  s,Ni  and  i0Ni.  The  cross  section  for  S0Ni 
has  been  renormalized  so  that  the  highest  and  lowest  points  in  both  plots  are  equal.  The  spectra  were  taken  with  10 
points/MeV  but  have  been  reduced  for  graphical  purposes.  The  broken  line  is  the  calculated  radiation  tail.  For  demon- 
stration purposes  we  have  subtracted  the  ghost  peak  at  3 MeV  from  the  data  for  58Ni,  but  not  for  S0Ni;  the  difference  is 
clearly  visible.  Note  the  suppressed  zero. 


TABLE  IH.  Strength  of  £1  components  in  the  present  work.  The  resonance  parameters  shown  were  used  to  approxi- 
mate the  £1  strength  distribution  for  the  x2  fit.  As  evident  from  Fig.  3,  where  mainly  £1  contributes,  the  £1  strength 
function  is  reasonably  well  described.  The  £1  strength  extracted  from  the  resonances,  corresponding  to  integration  to 
infinity,  adds  up  to  approximately  110*^  of  the  classical  £1  sum  rule.  For  ease  of  comparison,  we  also  give  the  sum 
rule  strength  found  by  integration  from  10  to  30  MeV,  94  - 10  and  37  t 10"o  for  58Ni  and  ”°Ni,  respectively.  The  table 
and  Fig.  8 also  show  that  the  peak  strength  is  shifted  to  lower  excitation  energy  by  going  from  58Ni  to  °°Ni.  Although  the 
gross  shift  is  in  agreement  with  the  isospin  coupling  model1,37  we  do  not  think  it  is  a sufficient  basis  for  a claim  of  ob- 
served isospin  splitting.  The  average  excitation  energy,  weighted  with  the  £1  strength  function  between  10  and  30  MeV, 
in  contrast,  remains  virtually  unchanged. 
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Cross  sections  have  been  measur 

ed  for  the  reac 

dons  ,uoNi|e & 'p ) and  ,,“Ni(r,e'a)  in  the  electron-energy 

range  12-35  MeV.  For  analysis  of  the  experimental  results  we  used  virtual  photon  spectra  calculated  in  the 
DWBA.  At  energies  £y  = 16.0±  1.0  MeV  for  5,Ni  and  £r  = 15.6±  1.0  MeV  for  “Ni  we  have  observed  giant 

the  reactions  !,Ni(y,a)  and  “Niff, a)  due  to  £2  transitions  are  respectively  5.4±  1.4  and  6.0 ±3.0  mb-MeV, 
which  amounts  to  47  ± 12%  of  the  total  strength  of  isoscalar  El  transitions  for  5,Ni  and  56  ±28%  for  “Ni. 
The  integrated  cross  sections  for  these  same  reactions  due  to  £1  transitions  are  15.9 ± 2.3  and  16.9±4.8 
mb-MeV,  which  amount  to  1.7 ±0.3%  of  the  value  given  by  the  sum  ruie  for  electric-dipole  transitions  for 
s'Ni  and  1.8  ±0.5%  for  “Ni.  The  measured  integrated  cross  sections  for  the  reactions  !‘“Ni(y,p)  are  539±  33 
and  300  ±20  mb-  MeV. 
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FIG.  2.  Cross  sections  of  the  reactions  58Ni(e,e'p)  (solid  points 
points)  and  58Ni(y,p),  calculated  on  the  assumption  that  only 
£1  transitions  are  excited  (hollow  points) — a;  b — the  same  but 
for  the  reactions  58N1(<?,  e'a)  and  53Ni(y.  a);  c— measured 
yields  of  protons  (solid  points)  and  a particles  (hollow  points) 
in  the  reactions  S8Ni(y,p)  and  i8Ni(y.  a).  Curves  1 and  2 re- 
spectively are  the  expected  yields  of  protons  and  a particles 
obtained  on  the  assumption  that  only  £1  transitions  are  excited; 
curve  3 is  the  same  as  curve  2 but  on  the  assumption  that  only 
£2  transitions  are  excited.  The  proton  yield  has  been  normal- 
ized to  curve  1 at  an  arbitrary  point. 
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The  ie.p)  ind  (e.a)  cross  sections  for  targets  of  ,8Ni,  40Ni,  and  42Ni  have  been  measured  in  the  electron 
energy  range  16-100  MeV  They  have  been  analyzed  using  the  distorted-wave  Bom  approximation  £1  and 
£2  virtual  photon  spectra.  Protons  are  emitted  primarily  following  £1  absorption  but  a-emission  results 
from  a combination  of  £1  and  £2  absorption. 
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<z(£,)(  f It  48’),  oCEj.E,.  90*),  a(£.„  £,,  132*1;  obtained  <j(e,p),  ale.ot)-,  deduced 
irf^CE),  <rf’a (£),  <rf ?„{£). 
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( E , XA ) VIRTUAL  PHOTON  G,XA 

1.  Measurement  also  made  at  100 
MeV 


2.  Assumptions: 
For  photons 

For  al phas : 


For  photons:  do,Q\  , . 

^K9)=constant 


^(9)=a(90“)[A(Eo)+B(Eo)sin29] 
A(Eq),B(E0)  determined  empirically 
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FIG.  2.  (a)  The  a spectra  di<j/dTad^l  measured  at  90° 
when  50  MeV  electrons  are  incident  on  targets  of  58Ni, 
sNl,  and  aNi.  Ob)  The  ratio  of  the  number  of  ce  particles 
produced  by  electro  plus  photodisintegration  in  58Ni  to 
the  number  produced  by  electrodisintegration  alone. 

This  ratio  was  obtained  by  placing  a 0.217  g/cm2  Ta 
radiator  in  the  beam  ahead  of  the  3*Ni  target. 
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FIG.  5.  The  cross  section  (left-hand  scale)  for  the 
production  of  protons  <rgtf(E0)  when  electrons  of  total  en- 
er§y  E0  are  incident  on  a S8Ni  target  (open  circles).  The 
closed  circles  represent  the  yield  of  protons  obtained 
when  a 0.217  g/cm'  Ta  foil  was  interposed  in  the  incident 
electron  beam.  The  latter  have  been  corrected  for  the 
changes  in  geometry  produced  by  the  multiple  scattering 
of  the  electrons  in  the  radiator.  The  liries  drawn  through 
the  points  result  from  folding  the  histogram,  represent- 
ing the  (yip)  cross  section  (right-hand  scale),  with  the 
£1  virtual  photon  spectrum  in  Eq.  (1)  and  using  the 
Davies-Bethe-Maximon  cross  section  in  Eq.  (2). 


FIG.  6.  Various  (y ,p)  cross  section  shapes  that  fit  the 
58Ni(e,p)  data  when  combined  with  the  £1  virtual  photon 
spectrum  in  Eq.  (8).  Here  only  the  electrodisintegration 
data  below  30  MeV  have  been  used.  The  dotted  curve 
represents  the  data  of  Ref.  17  multiplied  by  1.22.  The 
dashed  curve  is  a Lorentz  line  having  a smaller  width 
below  the  resonance  energy  than  above  and  truncated 
near  15  MeV.  The  solid  curve  has  a Gaussian  shape  be- 
low and  a Lorentz  shape  above  the  resonance  energy. 

The  dot-dashed  curve  is  a Gaussian  below  the  resonance 
energy  and  a Lorentz  line  plus  a constant  above.  The 
histogram  with  2.5  MeV  bins  roughly  reproduces  ftie 
structure  in  the  measured  (y ,p)  cross  section. 


tained  with  radiator  in.  The  curves  through  the  points 
result  from  combining  the  histograms,  representing  the 
£1  and  £2  (y,  a)  cross  sections  (right-hand  scale)  in 
Eqs.  (1)  and  (2)  ■ ith  the  El  and  £2  virtual  photon  spectra.' 
and  making  use  of  the  Davies-Bethe-Maximon  cross 
section. 


FIG.  9.  The  differential  cross  section  d2<r/dT  dS2  f 
the  production  of  3 MeV  a particles  from  S8Ni  as"  a fu 
tion  of  total  incident  electron  energy  E„.  The  data  we 
three  ^les:  90°  (circles),  48°  (triangles), 
i32  (squares).  The  upper  points  refer  to  the  yields  i 
siting  trom  electro  plus  photodisintegration  when  a 
• 17  g/cm  tantaium  radiator  was  interposed  in  the  i 
cident  electron  beam.  The  curves  drawn  through  the 
points  are  merely  to  guide  the  eye. 


TABLE  V.  <3t  > at  100  MeV. 


o-^(meas)  o^lcalc) 
Nucleus  (mb)  (mb) 


o».,(corr) 

(mb) 


58Ni  1.15*  0.02  l.io 

“NI  0.50*0.01  0.47 

nNi 0.24*0.01  0.22 


0.98 

0.42 

0.19 


TABLE  IV.  Percentage  of  the  £1  and  £2  sums  in  the 
a channel.  El  sum:  60  NZ/A  MeV  mb.  £2  sum: 
0.22214  ”-/3  Mb/MeV.  £2  bin:  14-20  MeV.  Upper 
limits  of  the  integrals  = 50  MeV. 


£1 

£2 

Nucleus 

Schiff 

D-B-M 

Schiff 

D-B-M 

58Ni 

“Ni 

nNi 

4. 3*0. 5 

6.0*0. 6 

24*3 

15*3 

4.4*0. 7 

5.4*0. 7 

24*4 

15*4 

2. 4*0. 3 

2.9*  0.3 

10*2 

6*2 

TABLE  VI.  a at  100  MeV. 


(meas) 

Nucleus  (mb) 


c*.  a (calc) 
(mb) 


58Ni 

0.069*0.002 

0.084 

80  Ni 
RNi 

0.063*0.002 

0.081 

0.033*0.001 

0.036 

°«.a(corr) 

(mb) 

0.063 

0.060 

0.027 
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58 


REF.  NO. 


28 
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hg 


REACTION 

RESUI*  T 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  .RANGE 

TYPE  R AN  GE 

G t G 

LFT 

6 -10 

C 6-10 

SCD-D 

DST 

Abstract : Nuclear  resonance  fluorescence  measurements  on  5*Ni  with  bremsstrahlung  and  Ge(Li) 
detectors  were  performed  to  search  for  bound  state  dipole  excitations.  Ten  levels  with  ground  state 
decay  widths  larger  than  0.3  eV  have  been  observed  in  the  energy  region  between  6 and  10  MeV 
for  which  precise  excitation  energies,  spins  and  lifetimes  arc  reported  The  measured  transition 
probabilities  are  compared  with  theoretical  estimates  of  El  and  Ml  strength  in  3*Ni.  Since  the 
”Ni(y.  •/)  cross  sections  were  determined  relative  to  strong  transitions  in  ;o"Pb.  the  results  of  a 
separate  ;o'Pb<y.  y)  measurement  are  also  presented. 


10  LEVELS 


NUCLEAR  REACTIONS  55Ni(y.  y).  :o,Pb(y.  y).  £ < 1 0 MeV:  measured  E,.a(0). deduced 
lifetimes,  spins.  Enriched  targets. 


Table  2 


Results  from  ihe  5>Ni(y.  y)  experiment 


F,  (keV) 

/ l90°) 
/ (125°) 

J 

r0  *)  (eV) 

r b)  (fs) 

6030  ±3 

0.97  + 0.31 

1 

0.33  ±0  12 

1 991i  «* 

"051  ±3 

0.70  + 0.23 

1 

0.69  ±0.26 

o 95:2  \l 

7710  + 3 

1 05+0.44 

1 

0.49  ±0.20 

1 34 93 

8240  ±3 

0.66±0  09 

1 

2.96  ±0.46 

U,“-0  03 

8682  ± 3 

0.95  ±0.26 

I 

1 . 1 6 ± 0.40 

057:2 

9193  ± 3 

1.20+0.48 

1 

1.01  r0  40 

0 65:2;?; 

9368  ± 3 

0.80  ±0.31 

1 

1 26  ±0.48 

o.52:s  fi 

9557  ±3 

1 38  ±0.54 

1 

1 .53  ± 0.61 

0.43:2;? 

9670  + 3 

0 83  ±0.28 

1 

1.91  ±0  69 

0 34  *°  19 

9843  ±5 

2.84  ±1.79 

2 

I 

0.88±0.38 
1. 79  ±0.91 

0.70:2 

0 37*° 

-0  12 

•)  /"„/"  = 1 assumed. 
*)  r = h.T 
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METHOD 


EL  EM.  SYM.  A 


Ni 


58 


REF.  NO. 

81  Br  2 


28 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE 

RANGE 

TYPE  RANGE 

E,N 

ABX 

40,80 

D 

40,30 

ACT- 1 

4PI 

G,N 

ABY 

12-80 

C 

40,80 

ACT- 1 

4PI 

rr,  a,  ratios.  F cities  and  ''Ni  production  rates  are  measured  with  40  and  80  MeV  electron  beams  as  a 
function  of  the  i vaiue  and  thickness  of  bremsstrahlung  converters. 


NI 57  PROD.  RATES 


jr|mb( 

(7, (mb) 

<Tq, 

40  MeV 

0.21 

8.0 

38 

80  MeV 

0.28-0.38 

13.4-14.0 

48-37 

FOIL  NUMBER 

Fig.  I.  s1Ni  activities  (arbitrary  units)  of  a stack  of  8 Ni 
foils  irradiated  with  SO  MeV  electrons. 


Table  1.  F values  for  the  58Ni(‘';'„")J1Ni  reaction4 


Radiator 

thickness 

(mm) 

Radiator 

40  MeV  80  MeV 

Ni  Ta  Pt 

Ni  Ta  Pt 

0.1 

3.1 

3.6 

0.2 

4.2  3.4 

3.2  3.5 

0.6 

4.0 

4.8 

1.0 

3.4 

Mean 

3.6  ± 0 2 

3.8  ± 0.4 

J F is  a measure  for  the  ratio  of  activities  produced  by  bremsstrahlune  and  by 
electrons.  Its  definition  is  given  in  the  text. 


Table  2.  Activities  l^Ci)  of  Ni  foils  (0.1  mm  I after  I h irradiation  using  50  ^iA 
electrons 


(a)  EVA.  thin  converters,  no  deflecting  magnet  (/  = IY 
40  MeV  80  MeV 

Converterimml 

None6  Ni 

Ta  Pt 

None"  'Ni 

Ta  Pt 

0.0 

20 

45 

0.1 

20 

50 

0.2 

40  30 

80  100 

0.7 

50 

110 

1.0 

130 

(b)  EVA.  standard  converters 

Thin 

Middle 

Thick 

Thin  Middle 

Thick 

15 

10 

1 

55  45 

7 

(c)  M EA  1 LEC H-hall).  thin  ii' -converters  with  deflecting  magnet 

Converter  (mm] 

/* 

r 

0.05 

4J 

0.44 

12 

0.81 

0.125 

6 

0.24 

16 

0.57 

0.25 

7d 

0.14 

19d 

0.37 

0.50 

9J 

009 

26“ 

0.25 

■"/  is  the  “Ausboute  Faktor'f14' 

6 No  converter  was  used,  the  given  activities  are  mainly  produced  by  the 
isNile.  e nli?Ni  reaction. 

‘ Except  lor  the  thin  and  middle  converters  used  at  SO  MeV.  the  converters 
are  thick  enough  to  stop  all  the  electrons. 

0 Calculated,  see  text. 
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Method  </ 

Linac;  Cerenkov  counter  telescope 


Elem.  Sym. 


Ni 


60 


Ref.  No. 

61  Cr  1 


JHH 


Reaction 


E or  A E 


$a 


dE 


J " 


Notes 


(e’,e" ') 


183 


1.33 


2.50 


4.05 


5.1 


4;  3- 
3" 

(2*)' 

12:11- 

(2*1- 

4* 

2* 


2* 


E3 

E2 

E4 

E4 

■5.1 


Measured  7 transition  rates,  F : 

1 3 m 

Tm=  (l.27±0. 15) 1012  sec'1;  (E2); 

g = r /r  = 17. 1±2. 1. 

nr  sp 

T = (1. 3±0.24)101+'  sec'1;  (E^) ; 
m 

g = r /r  =3-62  ±0.67 

nr  sp  ' 


rm=  (3.64  ±5.8) 1010  sec-1;  (E3); 
g = r Jr  = 3.62  ± 0.67 

nr  sp  1 

rm=  (7.78±2.0) 1010  sec'1;  (E3); 

g = r /r  = 7.8±2.o 

nr  sp 


■4.0 

■3.51 

■ 3.11 

^2.51 


IS  OTHER  LEVELS 
IN  RANGE  FROM 
3.12  MEV  TO  4.08 
MEV 


-2.63 

2.29 


rm=  (l.58±0. 24) 107  sec"1;  (E4); 

g = r /r  = 4.9*0.73 

nr  sp 

r = (4.66±1.5)105  sec"1;  (E5); 


■ 1.33 


Ni 


60 


Fig.  15.  Energy-level  diagram  for  Ni“.  (See  caotion  for  Fig. 
13.)  A number  of  levels  have  been  omitted  from  the  diagram 
(see  reference  16). 

Fig.  13.  In  tEs  and  the  following  four  figures  are  shown  portions  . 
of  the  energy-level  structures  of  the  nuclei  investigated  in  the 
present  experiment.  The  information  is,  for  the  most  part,  taken 
from  reference  15.  The  7-ray  transitions  shown  are  those  whose 
decay  rates  were  determined  directly  in  the  present  experiment 
or  inferred  from  a knowledge  of  the  7-ray  branching  ratios  in  de- 
excitation of  the  nucleus.  The  spin  and  parity  of  each  level  are 
shown  at  the  left,  where  known,  and  the  energy  of  the  excited 
states  in  Mev  on  the  right.  The  best  assignments  of  the  transition 
j multipolarities  are  indicated.  This  figure  shows  the  energy-level 
' in.irri.ire  of  Ni58. 

Data  on  tfhe  decay  sjchemes  are 
taken  principally  from  Nuclear 
Data  Sheets,  National  Academy  of 


g = r /r  = 27.2*8.7 

nr  sp 


Fits  R = 1.20  fermi  except  5«1  MeV 
o 


level  (l.l  fermi). 


[T  = single-particle  estimate  of  the 
7 transition  rate.] 


l\»L£  IV.  Vibrruooai  oarameters  for  the  levels  in  the  even-even  n 

siMUMiitv.  3\  ana  L — •*— 

3 cm  nuclear  tunic* 

Mt  * muiupolc 


C.  are  the  mua  transoorr  md  the  - a in  tne  D resent  exuenmeai:  S'  EXi  ,t  the  ran  viced  tn 

* «««' . 8l)a„  is  the  value  •'  ***** 

t***."***  the  nuclear  radii  1 * - parameter  of  a 


♦dhowe  Nuclide  1 Mev;  B(E> 0 BiX 


Sciences 

Council 


National 
dU.S.  Gover 


Mazari  et; 

(1957). 


Office,  Washington, 


al  - Phys 


Research 
nment  Printing 

D.C.,  1959) 
Rev.  107,  365 


1.60 

2.50 

3.51 
2.50 
5.1 

♦ JO 


14J  it.* 
♦.♦5*1  6 
17  1 *2.1 


30  8 *11 

12  *0.66 
2.5  *0.57 
3.62  *0  60 
♦.95*0.74 
36.6  *12 


60S*  9 

106  * J# 
65.2*  • 3 


6 16.7  *2.2 

6 25.6  *9  2 

5 16.45*2.0 

103  * U 4.45  23.2  *J.2 

38.3*  14  4.61  19 J *J.l 

144  = 34  4.61  31.2  * 7 4 

280  *105  2J.8  11.7  *4.2 

6140*1800  6.96  470*260 

1196*  270  6.06  1720*  400 

3400*  650  ClM  494*  M 

12J0*  185  6.84  1)0*270 

495*  160  24.7  20.0*  6J 


2090*  290 
1450*230 
3700*873 
is9o*;oo 

3.84*1.2  XIO* 
1 46*0.33' XIO* 
1 2-.  12  *0.401X10* 
1 3J0*0.48)X  10* 
9.34*3.1  XIO* 


0.745  *0.097 
0.407  *0.15 
0.792  =0.095 

0.401  *0056 
0.4O4  *0.074 
0.324  =0.077 
0.495  =0.18 

0.0701  *0.024 
0,15  =0.035 
0 104  *0.02 
0.125  =0  019 
OJ27  *0.11 
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E,E/ 

FMF 

1 

D A5-65 

MAG-D 

DST 

Table  I.  Reduced  transition  probabilities  Bi£  2)  and  transition  radii  Rtr  for  the  first  excited  states  of  the  even 
Ni  isotopes. 

Isotope 

Level  energy 
(MeV) 

S(£  2,0+  — 
(e:  F4) 

Ref.  12 

2'1’) 

Present 

work 

Xr 

(F) 

Ni11 

1.452 

2+ 

720  ± 10% 

620  1 14% 

5.35  =10% 

Ni‘° 

1.332 

o4* 

910  *9% 

776  * 12% 

5.23  =12% 

Ni11 

1.172 

2* 

830  *9% 

770  * 12% 

5.23  = 10% 

fopm  NBS-418 
IR  EV.  7-1  4-«4) 
uscomm-oc  2eoio-p»4 


PHOTONUCLEAR  DATA  SHEET  119 


U.S.  DEPARTMENT  OF  COMMERCE 

NATIONAL  BUREAU  OF  STANDARDS 


R.  B.  Begzhanov  and  A.  A.  Islamov 

J.  Nuc  1 . Phys.  (USSR)  j>,  483  (1967) 
Sov.  J.  NacL.  Phys.  j>,  339  ( 1967) 


EL  EM.  SYM. 


Ni 


60 


23 


METHOD 


REF.  NO. 

67  Be  5 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.G 

LFT 

1.0 

D 1.0 

NAI-D 

120 

ty  = (9.0  ± 1.8) 


10 


13 


sec. 


1.33  MeV 
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Ni 


60 
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REF.  NO. 

67  Du  1 


HMG 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

FMF 

1-5 

D 45-65 

MAG-D 

DST 

Tabu  □.  Reduced  radiative  transition  probabilities 
and  transition  radii. 


S3  Transitions* 


Excitation 

energy 

(MeV) 

3(E2.0*  —2*) 

(«• 

BIE 2.0*  - 2*) 

Rit 

(F) 

B(£2.0*  - l*)n 

NI" 

1.452 

657*  11 

10 

0.177*0.005 

5.51 

3.034 

85*  5 

1 

C.065  ±0.002 

5.51 

5.26 

155*  15 

2 

0.085  *0.008 

5.51 

NI- 

l J30 

845  * 9 

12 

0.197*0  002 

5.55 

Ni" 

1.172 

877*  11 

12 

0.197  *0.001 

5.59 

£3  Transitions* 

Excitation 

B(£5.0*  -S-) 

merry 

B(£3.0*  -5-) 

Ru 

(MeV) 

(«•£•) 

B<£3.0*  ->5-)„ 

Si 

(F> 

Ni*4 

4 480 

18  600*520 

15 

0.205  ±0  005 

6.03 

Ni- 

4.033 

28  100*640 

19 

0.241  ±0.006 

6.09 

Ni" 

5.75 

20  100  * 540 

13 

0.197  *0.005 

6.11 

• The  errors  quoted  for  B(EL)  assume  the  liquid-drop  model  for  the 
transition  charge  density  and  are  purely  statistical  in  nature.  The  estimate 
of  error  from  dependence  on  the  parameters  of  this  charge  density  are 
±15%  for  doth  B(EL ) and  A<>.  See  text. 
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I.SJ  MeV  2* 


B( EL) . SEP  ISOTPS 


,hFlS'i4i^trth,r,^tical  «P«rimentai  versus  q for 

the  Ni"  4.03-MeV  3~  sute.  The  solid  curve  is  the  |Ftaj> cai- 
cuiated  by  Code  gbbow  using  the  strict  hydrodynamic  model 
(cumc;  Ar”f).  The  best  fit  to  the  data  is  obtained  by  a least- 
squares  analysis. 


Fro.  23.  The  theoretical  and  experimental  IF*!1  versus  q for 
the  Ni"  1-33-MeV  2+  state.  The  solid  curve  is  the  IFial’  cal- 
culated by  Code  gbbow  using  the  strict  hydrodynamic  model 
(*»"<;  <u~<).  The  best  fit  to  the  data  is  obtained  by  a least- 
squares  aaatytis. 
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Fig.  2.  Effective  cross  section  of  the 
reaction  Ni6°(y,  Tn).  Upper  figure  - 
analysis  in  steps  of  1 MeV,  lower  - in 
steps  of  0.5  MeV 
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Table  I.  Integrated  (y,a)  croea  sectlona  up  to  25 
MeV. 


Isotope 

Integrated  cross  section 
(MeV  mb) 

Ni5® 

185  ±3 

Ni‘Q 

482  ± 12 

Natural  nickel 

283  ± 6 

(0.262)  Nl‘°  + (0.679)  Ni5® 

252  ±4 

Ratio  a i integrated  cross  section,  Nl‘*/Ni5®  = 2.6 

FIG.  1.  Photoneutron  cross  sections  of  Ni®°  and  Ni5®. 
The  corrected  values  for  (y,2n)  process  are  shown  by 
circles. 
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FIG.  2.  Form  factors  for  E2  transitions  in  nickel  isotopes:  a— Ni5*, 
b-Ni*0,  e-Ni**.  Solid  curves- Helm's  model,  dashed  curvcs-high-cncrgy 
approximation.  Points:  O,  •— our  data  for  150  and  225  MeV,  A— Stan- 
ford data  (*] , X— Yale  data  [l0]. 


FIG.  3.  R\  as  a function  of  q'5  for  E2  transitions.  Straight  lines:  I — 
-NiJ*  (the  points  and  straight  line  arc  raised  by  0.5),  2-Ni“°,  3-Ni*4 
(the  points  and  straight  line  arc  lowered  by  1.0).  Points:  0-150  MeV, 

• -225  MeV. 
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Table  m.  Reduced  probabilities  of  octupole  transitions  in 
the  isotopes  x,’i5*’S0,M 
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Table  IV.  Transition  radii  and  parameters  of  the  vibra- 
tional model  of  the  nucleus  for  E2  and  E3  transitions  in 
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FIG.  5.  Analysis  of  H3  transitions  by  the  model-independent  method. 
Straight  lines:  l-Ni5*  (the  data  and  straight  line  have  been  raised  by  0.5) 
2-Ni*°,  3-Ni**  (the  data  and  straight  line  have  been  lowered  by  0 5) 
Points:  0-150  MeV,  «-225  MeV. 


FIG.  4.  Form  factors  for  E3  transitions  in  the  isotopes  Ni5S  (the  ex- 
perimental data  and  curve  arc  multiplied  by  101,  Ni*0.  NtM  (the  experi- 
mental data  and  curve  are  divided  by  10).  The  solid  curves  represent  the 
form  factor  calculated  by  Helm’s  model  with  X = 3,  and  the  dashed  curves 
the  form  factor  calculated  by  the  same  model  for  \ = 2 and  \ 3 4.  Points: 
O and  O-our  data  for  150  and  225  MeV,  A-Stanford  data  [’  ] , X-Yale 
data  [,01. 
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FIG.  I.  Cross  section  of  the 
photoneutron  reaction  for  Niss 
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FIG.  2.  Giant-resonance  form  factor  as  a function  of  momentum 
transfer.  Points:  O— data  for  Ni“®,  X— for  Ni*4,  □— for  Ni5*.  The  dashed 
curve,  curve  l,  and  the  dot-dash  curve  were  calculated  from  formula  (2) 
for  the  nuclei  vji5*-*0-*4  respectively,  with  It  = 19  MeV.  Curve  3 was 
calculated  from  the  same  formula  for  Ni*®  with  k = 21  MeV.  Curve  2 is 
a calculation  according  to  the  Goldhaber-Teller  collective  model. 
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FIG.  I.  Energy  spectra  of  electrons  inelastically  scattered  by  Ni60, 
obtained  after  subtraction  of  the_radiation  tail  from  the  elastic  and 
inelastic  peaks,  e is  the  excitation  energy.  The  curves  through  the  ex- 
perimental points  have  been  drawn  vauaily. 
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A-  r<h-;:  :->  0\  THE  VIBRATIONAL  splitting  op  the  giant  dipole  resonance 

0,  .,  0>.’  , ■ . Muirhead  and  B.M.  Spicer,  School  of  Physics,  University  of 

He  lliourne , Ihirkville,  Victoria  3052,  Australia. 

The  pho tnneutron  yield  curves  for  ^®Ni  and  ^Ni  have  been  measured  in 
1 l He V ^teps  from  threshold  to  24  MrV,  the  enutrons  being  detected  in  a 
llalpcrn-t)  pc  BFj  counter  system.  The  cross  sections  were  obtained  from  the 
yield  curves  by  the  Leiss-Penf o Id  matrix  inversion  method.  A correction, 
based  on  the  statistical  theory  of  nuclear  reactions,  has  been  made  for 
multiple  neutron  emission.  The  derived  cross  sections  are  shown  in  figures 
1 and  2 . 

The  dotted  curves  on  the  figures  are  the  fits  to  the  dipole  spectrum, 
using  Lorentz  line  shapes,  and  based  on  the  dynamic  collective  mode;  of  the 
giant  resonance  (Huber,  priv.  comm.  1967),  in  which  quadrupolc  -urfa  <• 
vibrations  arc  counted  to  the  dipole  vibration.  The  poor  fit  ;n  low  energies 
is  attributed  to  neglect  of  single  particle  effects. 

Also  shown  in  figure  1 is  the  result  of  the  collective  correlations 
calculation  for  ^Ni  (Seaborn,  Drechsel,  Arenhovel  and  Greiner,  Phys . Lott. 

23  (1966)  376).  Here  the  surface  vibrations  arc  coupled  to  partic ic-no lo 
dipole  states,  not  just  the  dipole  state.  This  calculation  for  the 
c losed-subshell  nucleus  6(>Ni  yields  the  result  shown  in  the  full  curve  of 
figure  1.  The  agreement  with  experiment  is  very  much  improved,  indicating 
the  importance  of  including  single  particle  effects. 

The  similarity  of  low  energy  spectra  for  ^Ni  and  6Chjj. , coupled  with  the 
fact  that  the  same  single  particle  states  are  filled  in  the  ground  state, 
leads  to  the  expectation  that  the  giant  resonance  structure  will  be  similar 
for  the  two  isotopes.  This  is  in  fact  observed. 
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Tabu  1.  Inelastic  form  factors  for  sNi  at  the  incident  energy  of  183  MeV. 
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Table  II.  Inelastic  form  factors  for  “Ni  at  the  incident  energy  of  250  MeV. 
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Table  IIL  Summary  of  spins,  parities,  and  reduced  transition 
probabilities  in  “Ni  extracted  from  present  (*,  t ')  reaction. 
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4.85 

(2+) 

(5. 0*1. 0)  X 10s 

0.7 

4.73 

4.85 

(4+) 

(4.58*0.88)  X 10* 

1.4 

4.73 

5.05 

4+ 

( 1.22*0. 24)  X 10* 

3.9 

4.73 

5.05 

6+ 

( 1.54*0. 46)  X 10* 

11.6 

4.73 

6.20 

3- 

(2.20*0.33)  X 10* 

1.5 

4.50 

6.85 

(2+) 

(3. 88*0. 58)  X 10* 

0.6 

4.73 

6.85 

(5~) 

(3. 53*0. 88)  X 10* 

5.5 

4.96 

7.05 

3- 

(2. 17*0.33)  X10» 

1.5 

4.50 

* 1 1*  amused  to  be  0.95  7. 


[over] 


form  NBS-418 

(REV.  7-1  4-64) 

USC  OMM-O C 26010-P64 


PHOTONUCLEAR  DATA  SHEET  130 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL.  BUREAUOF  STANDARDS 


(Paqe  2 of  3) 


Fic.  5.  Experiment*]  | F |*  versus  q for  the  1 J3-  and  2.16-MeV 
excitations  in  *.VL  Soiid  curve*  are  reproduced  using  Eq.  (2)  in 
the  text.  The  experiment*]  data  o l Stanford  and  Yale  for  1 J3-MeV 
level  are  also  piiatmd  for  comparison*. 


Fjo.  6.  Experimental  | P |*  versus  q for  the  4.04-  and  6.20- Me V 
excitation*.  See  caption  to  Fig.  5. 


Fig.  7.  Experimental!  F '*  versus  q for  the  6.85-  and  7.05-MeV 
exatauons.  The  | F |*  of  6.85-MeV  excitation  were  decomposed 
tentatively  to  £2  and  ES  components  using  the  theoretical  curves 
predicted  by  Eq.  (2)  in  the  text. 


Fig.  8.  Experimental  | F i*  versus  q for  the  2.50-  and  3.13-MeV 
excitations  See  caption  to  Fig.  5. 
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Fig.  9.  Experimental  | P |*  versuj  q for  the  3.67-,  4.85-,  and 
5.05-MeV  excitations.  The  i P |*  of  5.05  MeV  were  decomposed 
to  £4  and  £6  by  the  help  of  theoretical  curves  of  Eq.  (2)  in  the 
text.  The  | P |*  of  4.85  MeV  are  tentatively  decomposed  to  £2 
ud  £4  as  mentioned  above. 


Fig.  10.  Experimental  | P I1  of  6+  state  at  5.05  MeV.  The  solid 
curve  is  calculated  | F |*  of  a 6*  state  in  “Ni,  assuming  a con- 
figuration of  (1/wi,  l/m-1),  where  oscillator  length  parameter 
was  taken  as  6 =*2.29  F.  See  the  text. 


Fig.  11.  Theoretical  and  experimental  | £1*  versus  ? for  the 
1 J3-MeV  (2+)  state.  The  theoretical  curves  were  calculated  by 
the  Duke  program  of  distorted-wave  analysis  (see  Ref.  23)  using 
three  sets  of  parameters. 


Fig.  12.  Theoretical  and  experimental  | P |*  versus  q for 
the  4.04-MeV  (3~)  state.  The  curves  were  by  tj* 

Duke  program. 
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We  measured  the  photoproton  cross  sections  for  the  nuclei  CrM,  NI5*,  and  Ni*°  from  the  threshold  to  10  7 0 + 

30  MeV.  We  registered  protons  with  energy  larger  than  1 MeV.  A number  of  maxima  were  obtained  . 

in  the  cross  sections.  The  values  of  the  integral  cross  sections  for  Cr5*,  Ni5*,  and  Ni*°  are  equal  /°7f 

respectively  to  240,  570,  and  320  MeV-mb.  The  anomalously  large  cross  section  for  the  production 

of  photoprotons  for  Mi1',  and  also  the  shift  of  the  centers  of  gravity  of  the  photoproton  cross  sections 

towards  higher  excitation  energies  relative  to  the  photoneutron  cross  sections  in  the  case  of  Cr”  and 

Ni‘°,  can  be  attributed  to  the  influence  of  analog  states. 


FIG.  3.  Photoproton  cross  sec- 
tions for  Ni*®.  The  cross  sections  I 
and  II  were  obtained  for  protons 
with  Ep  > 1 MeV  and  Ep  > 8 MeV, 
respectively. 


Integral  characteristics  of  the  photoproton  cross  sections 
CTp,  of  the  photoneutron  cross  sections  <7n,  and  of  the 
total  absorption  cross  sections  ay  « <jn  * <7p 
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Note.  The  parentheses  contun  the  integral  cross  sections  of  the  photoproton  reactions 
for  protons  with  energy  Ep  > i MeV. 
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Table  3 

The  direct  results  of  the  resonance  scattering  experiments  on  <0Ni  described  in  this  paper  are  listed 

in  the  fourth  column 


Elmi 

(MeV) 

/* 

f o/T  (%  error) 

riir  (meV) 
this  experiment 

r. 

(meV) 

r 

(meV) 

• 

1.333 

2- 

1.00 

«D 

0.61  ±0.08 

0.61  ±0.08 

0.61  ±0.08  •) 

3.124 

2* 

0.096  *) 

(5) 

0.07  ±0.10 

0.8  ±1.1 

8 ±11 

3.194 

l* 

0.16  *) 

(4) 

0.63  ±0.20 

3.9  ±1.3 

25  ±8 

3.269 

2* 

0.15  ») 

(8) 

<0.5 

<4 

<32 

4.008 

2* 

0.31  ») 

(39) 

3.2  ±0.5 

10  ±4 

33  ±19 

4.020 

l* 

0.54  *) 

(15) 

11.1  ±1.5 

21  ±4 

39  ±10 

To  arrive  at  the  widths  listed  in  columns  5 and  6,  the  branching  ratios  given  in  the  third  column  were 
used.  The  errors  quoted  for  the  partial  and  total  widths  include  the  uncertainties  in  these  branching 
ratios. 


•)  Average  of  the  value  reported  in  ref.  7)  and  of  four  values  of  different  groups  summarized  in 
table  I of  ref.  &). 

*1  Taken  from  ref.  *). 

c)  A much  more  accurate  value,  /’  = 0.63—0.0!  meV,  has  recently  been  reported  15). 
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Fig.  3.  The  40Ni(y,  jrn)  experimental  cross  section  is  contrasted  with  the  theoretical  photo-absorp- 
tion cross  sections  predicted  by  the  collective  correlations  (c.c.)  calculation,  the  dynamic  collective 
model  (d-c.)  and  the  particle-hole  calculation  (p.h.)  all  as  taken  from  ref.  *). 


'D.  Drechse 1 , J,  3,  Seaborn  and  W,  Greiner, 
Phys.  Rev.  162B.  983  (1967). 
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No  data  given  for 
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59772  DETERMINATION  OF  PHOTONUCLEAR  REACTION 
CROSS  SECTIONS.  Tikhonov.  A.  N.:  Shevchenko.  V.  G.;  Galkin. 
V.  Ya.;  (and  others).  Vestn.  Moak.  Univ.,  Ser.  III.  Fla.  Astron.; 
11:  No.  2.  208-14(Mar-Apr  1970).  (In  Russian). 

An  operative  system  (or  the  automatic  handling  of  data  Is  de- 
scribed for  the  determination  of  photonuclear  reaction  cross 
sections  with  a 35-MeV  betatron.  The  system  provides  for  fully 
automatic  processing  of  experimental  data  as  accumulated  In  the 
analyzer  all  the  way  to  obtaining  the  cross  section  of  a photo- 
nuclear  reaction.  Bremsstrahlung  which  Is  generated  at  the 
target  of  the  betatron  passes  through  a collimator  and  then  Im- 
pinges on  the  desired  material.  The  neutrons  thus  produced  are 
recorded  by  a BFj  detector  using  a paraffin  moderator.  The 
pulses  are  sent  to  the  memory  of  a pulse-height  analyzer.  This 
system  Is  Illustrated  with  data  from  (y.a)  reactions  with  the 
nuclei  l'V,  “Co.  “Ni.  and  *»Ni  (X.S.W.) 
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FIG.  1.  S|K>ctrum  of  high-energy  Y rnvs  from  radintivo 
caiHurc  of  protons  by  S5Co.  Only  the  region  of  the  pulse- 
height  spectrum  which  corresponds  to  £,  > 11  MeV  is 
shown.  The  7.6-McV  bombarding  energy  results  in  17.00- 
and  15.67-McV  y rays  from  the  ground-state  (y0)  ar.d 
first-excitcd-state  (yt)  transitions,  respectively.  The 
next  lower  peak  is  due  to  transitions  to  a group  of  higher 
excited  states  in  MNi.  Also  indicated  is  the  position  at 
which  y rays  from  the  reaction  uC(p.  Yjl'tN  would  appear. 
Tho  dashed  lines  indicate  the  contributions  from  the  Yj 
and  Yj  transitions  obtained  oy  fitting  the  data  as  described 
in  the  text. 
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FIG.  3.  Excitation  functions  for  the  reactions  ssNi- 
<Y./>o>S9C  at  90*.  obtained  by  detailed  balance  from  the 
data  of  Fig.  I averaged  over  a GOO-keV  interval,  and 
MNi(y,*)MNi  obtained  from  Ref.  23.  Note  the  different 
cross-section  scales  for  the  two  reactions.  Above  the 
<0Ni(Y,  2n)  threshold,  the  photoncutron  data  have  been 
corrected  for  multiple  neutron  emission  to  yield  the 
s0Ni<y,n)  cross  section.  The  indicated  error  bars  were 
obtained  from  the  averaging  procedure.  The  solid  line 
through  the  “Niiy.Pj)  data  points  is  drawn  to  guide  the 
eye. 
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K.  Min  and  T.A.  White,  Phys.  Rev.  Letters  21 , 

1200  (1968). 


The  radiative-capture  reaction  r,5Co(/>. y)60N‘  has  been  studied  for  proton  energies  from 
g ,;0  to  13. itrt  MoV.  Cross-section  and  anguIar-distril«Jtion  data  were  measured  with  a large 
anticoincidence-shielded  Nal(Tl)  detector.  'Hie  yield  curve  for  ground-state  capture  shows 
two  broad  peaks,  at  *°Ni  excitations  of  IG.G  and  19. G MeV;  these  arc  interpreted  as  the  T< 
and  T components  of  the  giant  dipole  resonance.  The  results  of  a detailed  calculation  ignor- 
ing isospin  effects  do  not  adequately  explain  all  of  the  observations;  a simple  lp-lh  calcula- 
tion using  eigenfunctions  of  T describes  the  results  quite  well.  The  first-cxcitcd-statc-cap- 
turc  yield  curve  is  similar  to  the  ground-state  curve,  shifted  in  energy  by  -300  kcV.  The 
data  suggest  that  most  of  the  observed  strength  in  the  giant  dipole  resonance  based  on  the  first 
excited  state  of  BnNi  is  concentrated  in  2”  states. 
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Fig.  1.  Electron  scattering  form  factors  for  the  lowest 
two  2*  states  Ir.  °^Ni.  Solid  lines  were  calculated  using 
a best  :.t  admuxture  and  pnase.  The  dashed  line  re- 
presents the  harmonic  two-phonon  form  factor.  The 
s baaed  and  cross-hatched  regions  were  determined  by 
using  admixtures  which  fit  t.ne  measured  &R  for  ♦ » 

7 and  0,  respectively. 


rcRu  N3S-418 
IB  E V . 7.14-  641 
USCOMM-OC  Z6010-P64 


PH0T0NUCLEAR  DATA  SHEET  139 


U.3.  DEPARTMENT  OP”  COMMERCE 
NATIONAL  BUREAU  OF  STANOAROS 


K.  Shoda,  M.  Sugawara,  T.  Saito,  H.  Miyase,  A.  Suzuki,  S.  Oikawa, 
and  J.  Uegaki 
PICNS-72,  321  Sendai 


El £M.  SYM.  a 


Ni 


60 


28 


REF.  NO. 


72  Sh  10 


hvm 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,P 

ABX 

15-  25 

C 15-  25 

MAG-D 

90 

I A STATES 


CT(r.p#)  0 = 90' 


Ex (MeV) 

Fig.  10  The  (y,p0)  cross  sections  of  Ni 
isotopes  obtained  from  proton 
spectra  by  the  (e,e'p)  reaction. 
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Excitation  functions  for  radiative  capture  reactions  leading  to 


60Ni  GDR 


Table  1.  Preliminary  Results  with  Relative  Errors;  Absolute  Errors  : 30% 


Reaction 

/a(Y0,oo)dE 
mb . MeV 
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mb.  MeV 
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17.0 

56Fe(a,Y)60Ni 

7.8  ± 1.5 

1.52  ± 0.30 
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As  in  the  case  of  Mi  we  report,  in  this  paper,  the  first  high-resolution  meas- 
urement of  the  60Ni  photcneutron  cross  sections  with  nearly  monoenergetic  photons  from 
in-flight  annihilation  of  positrons.  The  experimental  details,  including  resolution 
and  systematic  uncertainties,  are  the  same  as  those  in  the  55Ni  work . " The  target 
sample  enrichment  was  39.79%  5^Ni. 

Our  experimental  results  are  shewn  in  Fig.  1.  Tne  total  photoneutran  cross  section 
reaches  a peak  value  of  about  75  mb  just  .above  16  MeV.  There  is  sone  structure  evident, 
superimposed  on  the  general  shape  of  the  giant  resonance,  which  is  somewhat  less 
prominent  than  that  observed  in  55Ni;  it  does  not  agree  in  detail  with  the  structure 
observed  m previous  experiments  ” on  Ni  performed  with  bremsstrahlung  photons.  The 
magnitude  of  the  peak  cross  section  observed  in  this  and  previous  experiments " _4  are  in 
reasonably  good  agreement , however.  The  integrated  total  photoneutron  cross  section  is 
705  MeV-nib,  about  2.5  times  as  large  as  that  for  55Ni 

Unlike  the  Mi  case,  the  Ni  (y,2n)  cross  section  forms  a significant  fraction 
of  the  total  in  the  region  above  20  MeV,  although  it  appears  to  drop  to  nearly  zero 
at  33  MeV.  The  statistics  are  sufficiently  good  that  definite  structure  can  be  dis- 
cerned in  the  cross  section.  The  integrated  (y,2n)  cross  section  is  73  MeV-rrb , almost 

an  order  of  magnitude  larger  than  in  the  o8Ni  case. 

58 

As  in  the  case  of  Ni,  the  measured  cross  section  is  in  qualitative  agreement,  up 
to  about  25  MeV , with  the  distribution  of  dipole  strength  calculated  by  Tanaka.5  The 
collective  correlat-ions  calculation  of  Seaborn,  et  al5  appears  to  provide  scire  addi- 
tional dispersion  of  the  dipole  strength  to  higher  energies,  yet  there  still  appears  to 
be  too  much  experimental  cross  section  above  25  MeV  to  be  explained  by  the  shell-rodel 
calculations  dene  thus  far. 
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RG.  1 . Energy  spectra  of  electrons  inelastically  scattered  by  Ni60,  ob- 
tained after  subtraction  of  the  radiation  tail  from  the  elastic  and  inelastic 
peaks.  The  arrows  show  the  locations  of  the  peaks  of  the  two  resonances. 
With  increasing  q the  contribution  from  the  resonance  at  13.0  ± 0.3  MeV 
increases,  and  while  that  from  the  16.2  ± 0.2  MeV  resonance  decreases. 

FIG.  2.  Form  factors  for  the  giant  El  and  E2  resonances  as  a function 
of  effective  momentum  transfer  q\  Points:  • — 1 3.0  ± 0.3  MeV,  0-16.3 
± 0.2  MeV.  Curves:  1 — calculation  ot  El  resonance  form  factor  in  terms 
of  dynamic  collective  theory,  [6]  2-in  Helm’s  model,  [7]  3 and  4-ihe 
same  as  1 and  2 but  for  the  E2  resonance.  Curves  1 and  3 have  been  de- 
creased by  20%  and  a factor  of  4,  respectively. 


TABLE  l.  Form  factors  of  giant  dipole  and  quadrupolc 
resonances  of  Ni60 


, de i1 

&.  MeV 

<J'.  F‘* 

ri_,<xio-. 

20 

198.7 

0.366 

1.58 -‘-0.64 

30 

199.1 

0.538 

1.44=0.42 

40 

197.6 

0.703 

0.S4-0.19 

50 

197.9 

O-Utiri 

0.55  ±0.1 2 

60 

m.\ 

1.029 

0.17-»-0.0'i 

70 

201.0 

1.194 

0.12=0.04 

0.53=0.22 
0.34  ±0.10 
0.23  ±0.06 
0.25±0.05 
0.1 9 ±0.05 
0.1 9 ±0.10 


TABLE  II.  Energy  location,  half-width,  reduced  transition  probability 
radiation  width,  and  enhancement  factor  of  El  and  E2  resonances  ir 
Ni60,  Zr90,  and  Pb20a 


7.T* 


1C.3±0.2 
16.65 
tV  1 


13,0  ±0.3 

14.0 
- !0.7 


4-S±0.3 

4.0 
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***  The  values  of  (B(E2),  r and  G,  given  in  th,  upper  line  were  obtained  on  the 
0 of  the  Vl^rauonai  model,  and  those  in  the  lower  Une  on  the  bans  of  Helot's  modeL 
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Nucleus 

T 

(m'o-MeV) 

(mb-MeV) 

faP 

|C>|2 

•‘■o 

J°p 

(mb-MeV) 

J°n+  foP 

tC<|2+  |C>|2 

58Ni 
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310±30 

480±100 

790±130 

0.61 

0.45 

i0ui  : 
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620±50 

210±80 
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0.25 

0.27 

62ni 
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110±25 

0.17 
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FIG.  2.  The  93*  differential  threshold  photoneutron 
cross  section  for  40Ni  versus  the  energy  of  the  emitted 
neutron.  Electrons  of  13.27-MeV  and  3%  resolution  were 
incident  on  the  bremsstrahlung  converter. 


FIG.  3.  The  93*  differential  threshold  photoneutron 
cross  section  for  ,0Ni  versus  the  energy  of  the  emitted 
neutron.  Electrons  of  12.02-MeV  and  1 % resolution 
were  incident  on  the  bremsstrahlung  converter. 
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TABLE  I.  Resonance  parameters  from  threshold  wNi(-y,n)  data. 


Neutron 

energy 

(keV) 

Width  at 
half  maximum 
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resolution 
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to  that 
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Deexcitation  to 
ground  state  (G) 
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states  ( E)  of  ®Ni 
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(keV) 

^ry«r,/r 
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-3.0 

Q 

0.32 

Very  large 

E(3i0.878  MeV) 

10.5 

1.7  f2'9 

0.38 

G(?) 

1.7 

0.26 

14.2 

-1.2 

0.54 

1.05 

G 

-1.1 

0.065 

21.1 

l,4 

1.0  ) 

E(?) 

22.8 

r-4 

i.l  \ 

1.5 

E(0.34Q  MeV?) 

25.5 

7 

1.3  ) 

7 

33.7 

la 

2.0 

Very  large 

E(a0.878  MeV) 

38.1 

/ 8 

2.5 

Very  large 

E(20.878  MeV) 

47.5(7?) 

7 

3.4 

7 

57 

5.4 

4.6 

0.74 

G 

66 

7 

5.6 

7 

149 


G.  S.  Foote,  D.  Branford,  R.A.  I.  Bell,  and  R.B.  Watson 
Nucl.  Phys.  A220 , 505  (1974) 


METHOD 


EL  EM.  SYM.  A 


N1 


60 


REF.  NO. 

74  Fo  2 


23 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

angle 

TYPE  RANGE 

TYPE  RANGE 

A ,G 

ABX 

13-  23 

D 8-  18 

NAI-D 

DST 

P,G 

ABX 

16-  17 

D 7-  18 

NAI-D 

90 

EXCITATION  ENERGY 


ALPHA  PARTICLE  BOMBARDING  ENERGY  (MeV) 
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TABLE  H.  Integrated  photoneutron  cross  sections  and 
related  quantities  from  the  data  of  the  present  experi- 
ment. The  definitions  used  In  this  table  are 


adEr, 


where  E Is  the  threshold  energy  (see  Table  D and  Ey 
Is  the  photon  energy;  the  quantity  ly.Sn)  Is  defined  in 
Ref.  17.  Errors  on  the  integrated  cross  sections  are 
dominated  by  the  systematic  errors  as  discussed  in 
Sec.  IH  of  die  text. 


ihSl 

*°N1 

Ey  max 

33.5  MeV 

33.5  MeV 

286  MeV  mb 

704  MeV  mb 

<7ot(y.2)j) 

7.65  MeV  mb 

72.2  MeV  mb 

ftmtLlT.Rl  + fY.A"))  * 

278  MeV  mb 

632  MeV  mb 

oillt(>,2n)/onl<-)\S>i) 

0.027 

0.103 

o_,(y,S>t) 

13. S mb 

35.6  mb 

<r_2(y,Sn) 

0.700  mb  MeV-' 

1.90  mb  MeV-1 

<r„t{y.S*)/G0WZ/A) 

0.329 

0.786 

1 This  quantity  was  obtained  by  subtracting  oteICr,2 n) 
from  <7^i  (T.'S’O:  direct  integration  of  the  single-photo- 
neutron  cross  sections  gave  the  same  values  to  within 
0.5%. 
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FIG.  3.  Measured  photoneutron  cross  sections  for 
•°Nl:  (a)  o(y,Sn)  (see  Ref.  17);  Ob)  <r((7,  *)  + (V,P»)I ; 

(c)  o(y,  2 n). 


TABLE  TV.  Comparison  of  integrated  total  photoneu- 
tron cross  sections  <7ta,  (y.Sn)  with  those  from  previous 
experiments. 


S‘N1 

s®Ni 

Reference 

Ey  max  (MeV) 

(MeV  mb) 

(MeV  mb) 

This  experiment 

30 

256 

643 

Ref.  5 (Moscow) 

30 

310 

620 

This  experiment 

25 

204 

537 

Ref.  5 (Virginia) 

25 

185 

482 
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TABLE  HI.  Energies  (MeV)  at  which  peaks  appear  in 
the  (y.Sn)  cross  sections  of  38Ni  and  88Ni.  The  energies 
Jisted  are  those  at  which  peaks  or  shoulders  exist  in  the 
cross  section.  Actual  resonance  energies  might  be 


slightly  different. 


Peak  No.  * 

58Ni 

eoNI 

1 

12.3 

12.6 

2 

12.8 

13.7 

3 

13.1 

14.4 

4 

13.6 

15.1 

5 

14.2 

15.5 

6 

15.7 

16.3 

7 

16.3 

17.0 

8 

17.3 

17.7 

9 

17.7 

18.6 

10 

18.2 

19.6 

11 

18.6 

21.2 

12 

19.3 

22.1 

13 

22.6 

24.5 

14 

23.8 

15 

24.9 

16 

25.7 

» 

* We  have  included  in  the  tabulations  only  the  more 
well-defined  peak3  (or  shoulders).  In  addition  there  are 
possible  broad  peaks  at  approximately  20.7,  27.8,  and 
30.9  MeV  in  S8Ni,  and  at  23.5,  26.1,  27.5,  and  30.3  MeV 
in  sc"Ni,  but  the  data  are  not  sufficiently  detailed  to  make 
a more  definitive  judgment  about  these. 


TABLE  V.  Integrated  total  photon  absorption  cross 
sections  and  related  quantities  from  the  combined  data 
of  the  present  experiment  and  Ref.  7.  The  (y.Xp)  cross 
sections  of  Ref.  7 have  been  used  rather  than  those  of 
Ref.  8 because  the  former  extend  over  a wider  energy 
range;  in  their  mutually  inclusive  energy  range  (see 
Figs.  5 and  6)  the  integrated  cross  sections  from  the 
two  (y.Xp)  measurements  agree  to  within  2%  for  58NI 
and  10%  for  S0NI,  the  values  derived  from  the  data  of 
Ref.  8 being  the  larger  in  both  cases.  The  total  photon 
absorption  cross  section  <7(y,  total)  is  assumed  to  be 
equal  to  a(y,Sn)  ±o(y,Xp);  that  is  the  photon  scattering 
cross  section  is  assumed  to  be  negligible  and  double 
counting,  owing  to  the  presence  of  a(y,pn)  in  both 
a(y,Sn)  and  a(y,Xp),  is  ignored.  The  latter  effect  is 
reasonably  compensated  for,  however  (see  footnote  a).  • 


58N1 

S0N1 

By  max 

33.5  MeV* 

33.5  MeV* 

ffu,,  (y,  total) 

850  MeV  mb 

1025  MeV mb 

o-_t(y,  total) 

41.3  mb 

48.7  mb 

o_2(y,  total) 

2.09  mb  MeV"1 

2.62  mb  MeV"1 

Cm,  (y,  total)/ 

0.98 

1.10 

(60  NZ/A) 
<j_t(y,  total)  /Aln 

0.18 

0.21 

a_,(yf  total) /A 5/3 

0.002  64 

0.002  86 

1 The  (y.Xp)  data  extend  only  to  30.1  MeV  for  S8NI  and 
30.5  MeV  for  60Ni;  above  these  energies  we  have  used 
the  (y.Sn)  cross  section  only.  Since  much  of  the  high- 
energy  cross  section  probably  comes  from  the  (y.pn) 
process,  the  error  introduced  is  probably  small  and 
might  very  well  compensate  for  the  double  counting  of 
the  (y.pn)  cross  section  below  30  MeV. 


^K.  Min  and  T.A.  White,  Phys.  Rev.  Lett.  21,  1200  (1968). 

6 

B.I.  Goryachev,  B.S.  Ishkhanov,  I.M.  Kapitonov,  I.M.  Piskarev,  V.G.  Shevchenko, 
and  O.P.  Shevchenko,  Yad.  Fiz.  10,  252  (1969);  Sov.  J.  Nucl.  Phys.  11,  141  (1970). 

7 

B.S.  Ishkanov,  I.M.  Kapitonov,  I.M.  Piskarev,  V.G.  Shevchenko,  and  O.P.  Shevchenko; 

Yad.  Fiz.  11,  485  (1970);  Sov.  J.  Nucl.  Phys.  11,  272  (1970). 
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K.  Shoda,  private  communication;  see  also  K.  Miyase,  S.  Oikawa,  A.  Suzuki,  J.  Uegaki, 

T.  Saito,  M.  Sugawara,  and  K.  Shoda,  in  Proceedings  of  the  International  Conference  on 
Photonuclear  Reactions  and  Applications,  Asilomar,  March,  1973,  ed.  by  B.L.  Berman 
(Lawrence  Livermore  Laboratory,  Livermore,  1973)  p.553. 

17 

In  our  reaction  notation  we  have  essentially  adopted  the  convention  used  by  E.G.  Fuller, 
H.M.  Gerstenberg,  H.  Vander  Molen,  and  T.C.  Dunn  NBS  SP-380,  1973;  wherein  (y,Sn) 
represents  the  sum  of  all  neutron-producing  reactions,  (y,  Xp)  denotes  total  proton 
yield,  etc.  We  use  (y,pn)  to  represent  either  the  (y,np)  or  (y,pn)  reaction,  since 
experimentally  the  two  are  indistinguishable. 
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REACTION 
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TYPE  RANGE 

TYPE  RANGE 

E,E/ 

FMF 

l 

D 30-  60 

MAG-D 

DST 

1.332  MEV  2+ 


Table  2 


Experimental  data  for  the  40Ni  2*  (1.332  MeV)  state 


£,(  MeV) 

fl(deg) 

?(fm-‘) 

101  x /?,. 

10*  x jfl.l* 

io*  x 

Error(%) 

X1/" 

59.89 

110 

0.492 

0.225 

0.675 

0.167 

0.167 

5.2 

5/28 

42.47 

130 

0.384 

0.465 

0.239 

0.117 

0.110 

7.3 

12/29 

42.45 

130 

0.384 

0.466 

0.223 

0.109 

0.103 

8.3 

10/28 

42-47 

110 

0.347 

0.564 

0.154 

0.0907 

0.0850 

6.4 

16/28 

42.44 

no 

0.347 

0.565 

0.130 

0.0764 

0.0717 

7.5 

16/28 

42.53 

90 

0.301 

0.693 

0.0812 

0.0564 

0.0529 

9.0 

30/27 

42.46 

90 

0.300 

0.696 

0.0727 

0.0522 

0.0488 

9.6 

28/29 

31.67 

130 

0.285 

0.772 

0.0640 

0.0509 

0.0449 

11.9 

5/18 

42.47 

70 

0.243 

0.846 

0.0351 

0.0303 

0.0284 

18.3 

20/28 

42.47 

70 

0.243 

0.846 

0.0321 

0.0277 

0.0260 

16.6 

16/28 

Ground-state  charge  distributions  parameters  “):  c = 4.15—0.017  fm,  i = 2.54±0.02  fm. 


Table  4 

Results  of  the  best-fits  by  allowing  both  fl(E2f)  and  * as  free  parameters 


Assumptions  Results 


Z 

*-(fin) 

fl-i 

Ol 

Oi 

4* 

<»5 

fl(E2|)(ei  • b1) 

Sin 

1,4Cd 

48 

4.624 

1.045 

0.933 

1.056 

1.158 

1.323 

0.553  ±0.018 

38.1  ±1.0 

1.12 

<0Ni 

28 

3.862 

1.075 

0.976 

1.078 

1.024 

1.471 

0.102±0.004 

31.9-2.0 

0.60 

*Li 

3 

2.540 

1.208 

0.941 

1.189 

1.572 

2.290 

(0.218—0.008)  x 1Q'J 

1 7.6±  1 .2 

1.05 

Table  6 

Summary  of  3(E2^)  values  for  the  *°Ni  2*  (1.332  MeV)  star* 


n) 

-► 

c r 

M 

Type  of 
experiment 

Ref. 

0.0873  ±0.0070 

(e.  e') 

3i) 

0.0938  ±0.0020 

O'.  •/') 

3‘) 

0.0992  ±0.0099 

(c.  e') 

”> 

0.0914±0.0020 

CE 

M) 

0.117  —0.009 

h.p. 

”) 

0.0845  ±0.0009 

(e.  e') 

*°) 

0.097  ±0.008 

CE 

“) 

(over) 
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Table  7 


Best  fits  of  R'J*  with  B(E2|)  Ated 


R?,(fmJ) 

Statistical 
error  (fm2) 

Systematic 
error  (fin2) 

•'  ’ Tot^i 
error  (fm2) 

2J/« 

assumed 

i 

“4Cd 

35.7 

±0.6 

±0.3 

±0.9 

1.19 

0.512±0.05 

*°Ni 

27.5 

±1.1 

±0.8 

±1.9f 

0.66 

0.0926±0.15 
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28 


75  Ki  12 


hmg 


REACTION 

SOURCE 

DETECTOR 

ANGLE 

result 

ENERGY 

TYPE  RANGE 

TYPE  RANGE 

G,N 

ABX 

11-  13 

C 11-  13 

TOF-D 

78 

Fig.  1.  Measurements  of  the  differential  cross  sections  for 

the  60Ni (yn) 59Ni  reaction  at  78°  for  E™ax  = 12.5  MeV.  Solid 

line  - results  of  an  analysis  of  experimental  data  based  on 
the  Pade  approximation  of  the  second  kind.  Broken  line  - 
drawn  by  "eye." 


Table  2 

Resonance  Parameters  of  Ni 
Levels 


*IL- 

k«V 

0 

mbarn* 

■iwr1 

r.«v 

eV 

0,198 

129 

30,7 

1,62 

4,115 

160 

0,284 

10,59 

2,0 

2100 

1,31 

Table  1 

Energies  of  the  Resonances  in  the  60Ni(yn)59Ni  Reaction 
Near  the  Threshold 


E&b. 

kaV 

kaV 

Final  nucleus 
transition  into 
ground  (g) 
or  excited 
(E)  state 

cO 

Elab» 

keV 

keV 

Final  nucleus 
transition  into 
ground  (g) 
or  excited 
(E)  state 

rO 

Elab» 

keV 

^cm* 

keV 

Final  nucleus 
transition  into 
ground  (g) 
or  excited 
(E)  state 

0,198 

0,193 

t 

4.1 

4.07 

t 

23,0 

23.1 

* 

39,6 

39,9 

£? 

10.6 

10.8 

g 

25,9 

26,0 

£? 

43.3 

43,7 

El 

21,0 

21.1 

t 

33,8 

34.1 

£? 

57 

57,6 

g 
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Using  inelastic  electron  scattering,  several  isobaric  analog  1+  states  between  9 and  13  MeV  excitation  in  5,Ni 
and  “Ni  have  been  found.  They  are  identified  as  components  of  the  T0  + 1 giant  Ml  state  in  5,“NL 


4 Ml  STATES 


FIG.  5.  Portion  of  spectrum  observed  at  9*180*  from 
40.5  and  50.5  MeV  electrons  Incident  cm  a wNi  target. 


TABLE  IL  Measured  excitation  energies,  J"  assign- 
ments, and  reduced  Ml  transition  probabilities  for  le- 
vels in  59,60Nl. 


Ex  (MeV) 
Exp1 

J * 

Ex  (MeV) 

Predicted b Parent 

.B(Ml)  * 
c 

r(An> 

(eV) 4 

58ni 

58N1 

5>Co 

9.85 

(l*) 

9.87 

1.05 

(0.32)  e 

(3.4) e 

10.18 

1* 

10.25 

1.43 

0.59 

7.2 

10.55 

1* 

10.55 

1.73 

0.21 

3.0 

10.66 

1* 

10.68 

1.86 

0.41 

5.7 

11.03 

1* 

11.06 

2.24 

0.36 

5.S 

60N, 

mni 

60  Co 

11.9 

1* 

11.87 

0.74 

0.46 

8.9 

12.3 

V 

12.34 

1.21 

0.26 

5.6 

13.1 

(1*) 

13.11 

1.98 

SO. 06 

SI. 5 

13.4 

(1*> 

13.35 

2.22 

SO. 06 

si. 6 

13.8 

(1*) 

13.84 

2.71 

SO.  06 

si.  8 

* Energy  uncertainty  is  ±0.04  MeV  in  58Ni  and  ±0.1  MeV 
in  wNi. 

b To  get  predicted  energy  in  s8Ni  add  8.82  MeV  to  ex- 
citation energies  in  saCo  and  for  MNl  add  11.13  MeV. 

c Ml  strength  uncertainty  is  estimated  to  be  about 
±25%  for  Individual  levels. 
d r(Ml)  =0.0115  E, 3 
e Tentative  Ml  Identification  (see  text). 
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Table  3 

The  proton  decay  probabilities  in  the  various  channels 


Initial  states  (MeV) 


5»Ni 


40Ni 


0(lf7,j) 


25.8,  26.6,  27.5 


Final  states  (MeV) 


* 1.5 


3.30dJ,j)  6.2(2st'j)  9.6dd,-i) 


11.0-16.0 

= 100 

16.8 

10 

10 

80 

18.4 

5 

20 

75 

19.1 

S 

20 

25 

21.0 

10 

20 

23.3 

10 

25.2 

26.5 

27.3 

1 1 .0-16.0 

« 100 

16.4 

2L 

10 

70 

18.6 

20 

10 

70 

20.4 

5 

s 

40 

23.3 

5 

5 

10 

50 

70 

30 


60 

x 


50 

50 


30 


p ►;  rnv.'ri 


r i a T a twcfT 
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Monoenergetic  photons  aai  a high-resolution  Nal  spectrometer  have  been  used  to  mea- 
sure the  absolute  120°  scattering  cross  sections  to  the  ground  state  and  to  the  first  excited 
state  in  “Ni  for  excitations  between  15  and  22  MeV.  The  inelastic  scattering  to  the  first 
excited  state  was  found  to  be  about  15%  of  the  elastic  throughout  this  energy  range.  Our 
results  do  not  appear  to  be  in  quantitative  agreement  with  the  predictions  of  the  dynamic 
collective  model. 


CHANNEL  NUMBER 

FIG.  2.  Scattering  spectrum  for  monoenergetic  19.31- 
MeV  photons  Incident  on  MNi.  The  fitting  procedure  by 
which  elastic  and  inelastic  scattering  was  separated  is 
shown.  The  shapes  of  the  detector  response  to  mono- 
energetic photons  used  in  the  fit  were  measured  direct- 
ly by  placing  the  detector  in  the  tagged  photon  beam. 


FIG.  3.  The  cross  sections  at  an  angle  of  120'  for 
elastic  and  inelastic  scattering  to- the  first  excited 
state  in  S0Ni  are  shown  at  the  top.  The  solid  curve 
shows  the  elastic  cross  section  predicted  by  dispersion 
relations  using  o(y,n)  data  for  the  total  absorption 
cross  section.  The  dashed  curve  Indicates  an  estimate 
of  the  contribution  that  would  come  from  including 

as  well.  The  ratio  of  inelastic  to  elastic  scatter- 
ing is  shown  below.  The  open  and  solid  data  points 
represent  the  three  different  energy  ranges  scanned  by 
the  monochromator. 
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Alpha-particle  energy  and  angular  distributions  have  been  measured  for  the  reaction  /GCS3 

**Nl(#,a)#,Jf  using  electrons  of  energies  33,  60,  and  120  MeV.  Statistical-model  calcu- 
lations give  good  quantitative  agreement  tn  the  region  of  the  peak  of  the  a energy  spec- 
tra. Higher-energy  a particles  exhibit  a forward- peaked  angular  distribution  and  a 
cross  section  several  orders  of  magnitude  above  the  statistical- mod  el  predictions,  Indi- 
cating the  presence  of  a direct- reaction  component. 


FIG.  1.  Alpha-particle  energy  spectra  at  9a  =90*, 
for  £,  = 120  MeV  (curve  A,  upper  left-hand  scale), 
£,*■60  MeV  (curve  3,  right-hand  scale),  and  £,  = 33 
MeV  -curve  C,  lower  left-hand  scale).  Errors  3hown 
are  absolute.  The  solid  line3  are  the  results  of  a sta- 
tistical calculation  assuming  photon  absorption  below 
Ey  - 33  MeV.  The  dashed  lines  mark  the  mean  energies 
at  which  angular  distributions  were  taken. 


FIG.  2.  Alpha- particle  angular  distrlbtulons  at  £, 

= 120  MeV  averaged  over  the  a energy  ranges  7. 7-8. 7 
MeV,  10.6-11.9  MeV,  and  14.8-16.4  MeV.  Errors 
shown  are  relative.  The  solid  lines  are  merely  to 
guide  the  eye. 
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Analysis  is  made  of  reactions  interfering  with 
photon  activation  analysis  procedures. 


The  activation  yield  curves  have  been  presented  for  a number  of  photonudear  reactions  in  the  energy  range  from  30  to 
68  MeV,  in  order  to  evaluate  quantitatively  the  interferences  due  to  competing  reactions  in  multielement  photon  activation 
analysis.  The  general  features  of  the  yields  as  functions  of  both  target  mass  number  and  excttation  energy  were  elucidated 
from  the  data  obtained,  discussion  being  given  on  the  results  in  terms  of  the  reaction  mechanism. 

Simultaneous  neutron  activation  due  to  appreciable  neutron  production  from  the  convener  and  surrounding  materials 
has  also  been  studied,  and,  finally,  the  magnitudes  of  interferences  in  real  multielement  analysis  were  given  in  the  form 
of  their  energy  dependences. 


Nr 

Fig.  2.  Yield  per  equivalent  quanta  versus  target  neutron  num- 
ber. 


E max  (MeV) 

ng.  6.  Activation  yield  curves  for  the  reactions  on  Co  Ni  and 
Cu. 
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The  angular  distributions  of  cross  section  and  of  analyzing  power  for  the  !*Co(/f,yo)  reaction  have 
K~n  measured  throughout  the  giant  dipole  resonance  region  of  *°Ni.  In  addition,  the  9<T  yield  curve  has 
been  measured  for  E,  from  5.8  to  16.5  MeV.  The  data  are  analyzed  to  deduce  the  amplitudes  and  phases  of 
the  T matrut  dements  involved.  Comparison  of  the  results  is  made  to  both  the  dynamic  collective  model 
calculation  of  Ligensa  and  Greiner  and  to  a direct-semidirect  model  calculation.  The  direct-semidirect 
calculation  indicates  that  the  reaction  proceeds  predominantly  via  the  radiative  capture  of  ds,j  protons. 


Pol  Protons 


Isospm  splitting  is  also  discussed. 


Excitation  energy  (MeVl 


FIG.  2.  The  90*  yield  curve  for  the  >sCofp , Yo) 
reaction.  The  error  bars  represent  the  statistical  error 
associated  with  the  data  points  and  the  solid  curve  is  a 
smooth  line  drawn  through  the  data  points. 
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FIG.  3.  Typical  data  at  three  energies  for  the  quan- 
tities o'(fl)/A,  and  (S)/A0.  The  errors  bars  repre- 
sent the  statistical  errors  associated  with  the  data 
points.  The  solid  curves  are  the  result  of  fitting  the 
data  as  described  in  the  text. 
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FIG.  5.  Comparison  of  the  transition  matrix  elements 
extracted  from  the  present  data  with  those  from  a 
direct-semidirect  reaction  model  calculation  as  de- 
scribed in  the  text.  The  solid  curve  shows  the  results 
of  the  calculation.  The  results  are  presented  as  a per- 
centage of  the  cross  section,  cr(ds/j)+  o(gvl),  where 
a(dsn)  = ds/22,  etc.  The  error  bars  represent  the  statis- 
tical errors  associated  with  the  data. 


TABLE  i.  The  a,  and  bi  coefficients  obtained  from  least  squares  fits  to  the  data  as  des- 
cribed in  the  text.  Also  presented  are  the  a , coefficients  from  Ref.  1. 


Et  (MeV) 

al 

al 

X: 

St 

6, 

bj 

Xj 

6.70* 

0.02±  0.03 

0.03  ± 0.05 

1.5 

6.80 

0.01  ± 0.05 

0.01  ± 0.07 

1.3 

—0.01  ±0.03 

—0.12  ±0.02 

0.00  ±0.02 

0.5 

7.20 

0.06  ±0.03 

0.15±0.06 

0.4 

0.05  ±0.02 

—0.15  ±0.02 

0.04  ±0.02 

1.3 

7.55  a 

0.08  ±0.05 

0.16  ±0.07 

1.5 

7.60* 

— 0.01±0.02 

0.28  ±0.03 

0.6 

7.75 

0.02  ±0.04 

0.10  ±0.08 

6.1 

0.02  ±0.03 

-0.10  ±0.02 

0.01  ± 0.02 

0.1 

8.75 

0.05±  0.03 

0.26  ±0.05 

1.5 

0.04  ±0.02 

—0.10  ±0.02 

0.00  ±0.02 

0.9 

10.00* 

0.22  ±0.03 

0.07  ±0.04 

1.5 

10.10 

0.11  ± 0.03 

0.12±0.06 

0.7 

0.02±0.02 

-0.17  ±0.02 

0.01  ± 0.02 

1.1 

10.60 

0.11  ± 0.04 

0.12  ±0.06 

0.4 

0.04  ±0.02 

-0.18  ±0.02 

-0.01±  0.02 

8.1 

11.30 

0.06  ±0.04 

0.05±0.06 

1.2 

0.14  ±0.03 

-0.23  ±0.02 

—0.05  ± 0.02 

0.8 

12.80 

0.12±0.03 

-0.03  ±0.06 

2.3 

0.05±0.02 

-0.14±0.02 

-0.02  ±0.02 

1.8 

4 From  Ref.  1. 
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Analysis  of  data  in  reference  6.  POLARIZED  PROTONS 


Measurements  of  crosi  sections  and  analyzing  powers  are  examined  for  polarized  proton  capture  on  14C, 
*Su  Fc,  Fe,  '*Fe,  3,Co,  ind  ,lSr  it  energies  which  cover  the  giant  dipole  resonance  region.  These  data 
ire  used  to  extract  the  relative  amplitudes  and  phases  of  the  contributing  £ 1 r-matnx  elements.  A typical 
result  exhibits  two  solutions.  Calculation*,  using  the  direct  (or  a direct-semidirect)  capture  model  appear  to 
provide  a means  for  choosing  the  physical  solution. 


NTJCLEAH  REACTIONS:  ,4C(/.y, ).  3llSl(p  ,y, ).  54y>(/ . ),  s*Fe(p ,y( ). 

: e(p  t y,  ),  Co(p , y,  ),  **Sr(£  , );  measured  7(d)  and  A (0)  over  energy  region 

of  the  giant  dipole  resonance.  Deduced  T- matrix  amplitudes  and  phases.  Com- 
pare results  to  dlrect-semidlrect  model  calculations. 


FIG.  2.  Same  as  Ftg.  1 for  the  target  nuclei  of  54Fe,  s*Fe,  MFe,  and  5,Co.  The  remaining  cross  section  is  due  to  the 
i 1/  . matrix  element. 


FIG.  1.  The  two  solutions  <dots  and  x’s)  resulting  from  a pure  £1  analysis  of  the  data  are  shown  along  with  the  results 
of  the  calculation  for  target  nuclei  of  l4C,  MSr,  and  30Si.  The  remaining  cross  section  in  the  ca3e  of  ,4C  and  **Sr  is  due 
to  the  s(/,  matrix  element.  In  the  case  of  30Sl  it  arises  from  thep^j  matrix  element.  The  error  bars  represent  typi- 
cal statistical  errors  associated  with  the  data  points.  The  amplitudes  are  presented  In  terms  of  the  percentage  of  the 
total  cross  section  for  which  they  are  responsible.  The  curves  represent  DSD  calculations  as  described  in  the  text. 

The  dasned  curves  In  the  case  of  ,8Sr  were  obtained  using  the  optical  model  parameters  of  Ref.  16  while  the  solid  lines 

were  obtained  from  the  parameters  of  Ref.  18.  _ 
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The  (r.p)  and  <e,a)  cross  sections  for  targets  of  ssNi,  50Ni,  and  S2Ni  have  been  meas- 
ured In  the  electron  energy  range  16—50  MeV.  They  have  been  analyzed  using  the  dis- 
torted-wave Born-approximation  £1  and  £2  virtual-photon  spectra.  Protons  are  emitted 
primarily  following  £1  absorption  but  a emission  results  from  a combination  of  £1  and 
£2  absorption.  The  £2  isoscalar  giant  resonance  decays  predominantly  by  a emission 
for  these  nuclei. 


(E.XP)  VIRTUAL  PHOTON  G,XP 
( E , XA ) VIRTUAL  PHOTON  G,XA 
See  also  80  Wo  1 


TABLE  I.  Resonance  parameters  for  oyA. 


Nucleus 

(MeV) 

r 

(MeV)1 

Q"odE 
(MeV  mb) 

SR" 

(%> 

5,ni 

19.2  = 0.5 

6.5  = 1.3 

733=40 

35  = 5 

*®Ni 

18.5  = 0.5 

9.2=  1.3 

304  = 20 

34  = 2 

41  Ni 

21.0*0.5 

5.3=  1.0 

140=  10 

15=1 

*T  Is  the  full  width  at  half  maximum. 

bSP.  stands  for  sum  rale;  the  £1  SR  equals  60  SZ/A 


MeV  mb. 


TABLE  II.  £1  components  in  the  ( y,a)  reaction. 


Nucleus 

E, 

(MeV) 

r 

(MeV)* 

jadE 
(MeV  mb) 

SRb 

ft) 

55Ni 

13.3  = 0.5 

6=  1 

15.3=  1.3 

O 

H 

QO 

50  NI 

21.5=  1.0 

6 = 1 

18.5=  1.4 

2. 1 = 0.2 

i:Nl 

13.3=  1.0 

5=1 

4 .3  = 0.6 

0. 5 = 0.1 

»r  is  the  full  width  at  half  maximum. 
b£l  SR  equals  50 NZ/A  MeV  mb. 


TABLE  III.  £2  components  in  the  (y,o)  reaction. 


Nucleus 

E* 

(MeV) 

r 

(MeV)* 

[adE 
(MeV  mb) 

SR° 

ft) 

5,Ni 

16.5  = 0.5 

4.2=  1.0 

10.4=  0.7 

56  = 4 

50  \r[ 

16.0  = 0.5 

3.7=  0.3 

6.9  = 0.4 

52  = 3 

81  Ni 

16.3  = 0.5 

4.5=  1.0 

5.1  = 0.4 

23  = 2 

*T  in  the  full  width  at  half  maximum. 
b£2  SR  equals  0.22  Z*/Alfi  j»b/MeV. 
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The  cross  section  for  electron  scatt< 
of  102  MeV  at  scattering  aneles  of 

■ring  from  the 
45,  60,  75,  9< 

isotopes  5,Ni  and  *°Ni  has  been  measured  with  electrons 
),  and  105’  between  3 and  50  MeV  excitation  energy.  — 

Resonances  or  resonancelike  structures  at  approximate  excitation  energies  of  (7-8)  MeV,  13  MeV,  (16-17)  BEL 

Mev,  (18-19)  MeV,  27  MeV,  32  MeV,  and  40  MeV  were  classified  on  the  basis  of  their  momentum 
transfer  dependence  and  discussed  in  the  framework  of  the  shell  model.  Difficulties  in  the  extraction  of  the 
cross  section  and  model  dependencies  of  the  interpretation  are  discussed. 


NUCLEAR  REACTIONS  wNi  (e,e’)  and  S0Ni  (*,«'),  £0  = 102  MeV.  Measured 
d2<j/dttdEz , bound  and  continuum  states  (giant  resonances).  Deduced  multi- 
polarity, reduced  matrix  element  B (EX ),  sum  rule  exhaustion  of  giant  reson- 
ances, total  width  of  continuum  and  clustered  states. 


FIG.  4.  Comparison  of  spectra  of  102  MeV  electrons  scattered  at  75’  from  S8Ni  and  “Ni.  The  cross  section  for  i0Ni 
has  been  renormalized  so  that  the  highest  and  lowest  points  m both  plots  are  equal.  The  spectra  were  taken  with  10 
points/MeV  but  have  been  reduced  for  graphical  purposes.  The  broken  line  is  the  calculated  radiation  tail.  For  demon- 
stration purposes  we  have  subtracted  the  ghost  peak  at  3 MeV  from  the  data  for  saNi,  but  not  for  i0Ni;  the  difference  is 
clearly  visible.  Note  the  suppressed  zero. 

TABLE  in.  Strength  of  El  components  in  the  present  work.  The  resonance  parameters  shown  were  used  to  approxi- 
mate the  £1  strength  distribution  for  the  x2  fit.  As  evident  from  Fig.  3,  where  mainly  £1  contributes,  the  £1  strength 
function  is  reasonably  well  described.  The  £1  strength  extracted  from  the  resonances,  corresponding  to  integration  to 
infinity,  adds  up  to  approximately  110%  of  the  classical  £1  sum  rule.  For  ease  of  comparison,  we  also  give  the  sum 
rule  strength  found  by  integration  from  10  to  30  MeV,  94  « 10  and  87  * 10%  for  a3Ni  and  ’°Ni,  respectively.  The  table 
and  Fig.  3 also  show  that  the  peak  strength  is  shifted  to  lower  excitation  energy  by  going  from  '-aNi  to  30Ni.  Although  the 
gross  shift  is  in  agreement  with  the  isospin  coupling  model1-37  we  do  not  think  it  is  a sufficient  basis  for  a claim  of  ob- 
served isospin  splitting.  The  average  excitation  energy,  weighted  with  the  £1  strength  function  between  10  and  30  MeV, 
in  contrast,  remains  virtually  unchanged. 
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r (MeV) 
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B (£m3) 
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£,(  MeV) 

T (MeV) 
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B (fm2) 
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13.1  = 0.3 
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5 £ 1 
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Crou  sections  have  been  measured  for  the  reactions  5,J0Ni(e,e»  and  ,r"Ni(er'tz)  in  the  electron-energy 
range  12-35  MeV.  For  analysis  of  the  experimental  results  we  used  virtual  photon  spectra  calculated  in  the 
DWBA.  At  energies Ey  = 16.0±  1.0  MeV  for  5,Ni  and  Er  = 15.6=1=  1.0  MeV  for  “Ni  we  have  observed  giant 
elect ric-quadru pole  resonances  which  decay  mainly  by  a -particle  emission.  The  integrated  cross  sections  for 
the  reactions  ’'Nily.or)  and  “Ni(y,a)  due  to  E 2 transitions  are  respectively  5.4  ± 1.4  and  6.0  ±3.0  mb-MeV, 
which  amounts  to  47  ± 12%  of  the  total  strength  of  isoscalar  E 2 transitions  for  5,Ni  and  56  ±28%  for  “Ni. 
The  integrated  cross  sections  for  these  same  reactions  due  to  £1  transitions  are  15.9  ± 2.3  and  16.9  ±4.8 


VIRT  PHOTON  ANALYSIS 


mb-MeV,  which  amount  to  1.7±0.3%  of  the  value  given  by  the  sum  rule  for  electric-dipole  transitions  for 
**Ni  and  1.8  ±0.5%  for  “Ni.  The  measured  integrated  cross  sections  for  the  reactions  5,“Ni(y  j>)  are  539±33 
and  300  ±20  mb-  MeV. 


PACS  numbers;  25.30.Cg,  24.30.Cz,  27.40.  + z,  27.50.  + e 
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FIG.  5.  Resonance  curves  1 and  2 (respectively  v fja(Er)  and 
<Tf?a(£"r)  of  the  reaction  58Ni(y,  a)  obtained  as  the  result  of  an- 
alysis of  experimental  data.  The  solid  curves  are  the  result 
of  a fit  by  two  Lorentz  curves,  and  the  dashed  curves  are  for 
a fit  in  which  cr^]a(£r)  has  the  form  of  a rectangle;  the  points 
show  the  cross  section  rfaa(Ey)  of  the  reaction  iaNi(y,  ct0)*Te 
from  Ref.  2 (a);  b—  Lorentz  curves  of  cr^  (£  ) (i)  ^ <?«( £ ) 
(2)  for  the  reaction  “Ni(y,  a).  ' 


TABLE  I. 


FIG.  3.  The  same  as  Fig.  2 but  for  MNl  nuclei. 


FIG.  2.  Cross  sections  of  the  reactions  58N1  (e.e'p)  (solid  points 
points)  and  58Ni(y,p),  calculated  on  the  assumption  that  only 
£1  transitions  are  excited  (hollow  points) — a;  b — the  same  but 
for  the  reactions  58Ni(e,e'ot)  and  58Ni(y,a);  c— measured 
yields  of  protons  (solid  points)  and  at  particles  (hollow  points) 
in  the  reactions  38Ni(y,p)  and  58Ni(y,  a).  Curves  1 and  2 re- 
spectively are  the  expected  yields  of  protons  and  at  particles 
obtained  on  the  assumption  that  only  £1  transitions  are  excited; 
curve  3 is  the  same  as  curve  2 but  on  the  assumption  that  only 
£2  transitions  are  excited.  The  proton  yield  has  been  normal- 
ized to  curve  1 at  an  arbitrary  point. 
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The  ( e.p ) and  ( e.a ) cross  sections  for  targets  of  ”Ni,  “Ni,  and  62Ni  have  been  measured  in  the  electron 
energy  range  16-100  MeV  They  have  been  analyzed  using  the  distorted- wave  Bom  approximation  £1  and 
£2  virtual  photon  spectra.  Protons  are  emitted  primarily  following  £1  absorption  but  a-emission  results 
from  a combination  of  £1  and  £2  absorption. 


( E,XP)  VIRTUAL  PHOTON  6,XP 

(E,XA)  VIRTUAL  PHOTON  G,XA 


NUCLEAR  REACTIONS  58,i0,oNi(e,p)  and  58,60,i2Nite.cii);  measured 
<j(E0,£z,48°),  <7t£0,£r,  90“),  o(£0, £,,  132“);  obtained  ofe.p),  trie, a);  deduced 
crf^CET),  erf  ?„<£),  ***„£)■ 


FIG.  2.  (a)  The  a spectra  d*u/dT  3dfl  measured  at  90“ 
when  50  MeV  electrons  are  incident  on  targets  of  58Ni, 
s0Ni,  and  aNi.  <b)  The  ratio  of  che  number  of  a particles 
produced  by  electro  plus  photodisintegration  in  ssNi  to 
the  number  produced  by  electrodisintegration  alone. 

This  ratio  was  obtained  by  placing  a 0.217  g/cm2  Ta 
radiator  in  the  beam  ahead  of  the  l8Ni  target. 


1.  Measurement  also  made  at  100  MeV 

2.  Assumptions: 

For  photons:  da/Q,  „ . . 

dP9'  = constant 

For  alphas: 

f(9)=c(90“)[A(Eo)+B(Eo)sin2e] 
A(Eq) ,B(E)  determined  empirically 


FIG.  3.  (a)  The  proton  spectra  dl<r/dT  pdtl  measured 
at  90“  and  132“  when  50  MeV  electrons  are  incident  on 
targets  of  58Ni,  50NI,  and  aNi.  The  insert  shows  the 
tails  of  the  energy  spectra  for  s0Ni  and  ^Ni  where  the 
protons  are  slightly  forward  peaked.  Ob)  The  ratio  of 
the  number  of  protons  produced  by  electro  plus  photo- 
disintegration in  S3Ni  to  the  number  produced  by  elec- 
trodisintegration alone.  This  ratio  was  determined  by 
, > placing  a 0.217  g/cm2  Ta  radiator  in  the  beam  7.6  cm 

lover ) ahead  of  the  S8NI  target. 
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FIG.  7.  The  cross  section  (left-hand  scale)  for  the 
production  of  protons  trai/(£0)  when  electrons  of  total  en- 
ergy £0  are  incident  on  a '°Ni  target  (open  circles).  The 
closed  circles  represent  the  yield  of  protons  obtained 
when  a 0.217  g/cm!  Tafoil  was  interposed  in  the  incident 
electron  beam.  The  latter  have  been  corrected  for  the 
changes  in  geometry  produced  by  the  multiple  scattering 
of  the  electrons  in  the  radiator.  The  lines  drawn  through 
the  points  result  from  folding  the  histogram,  represent- 
ing the  (y ,p)  cross  section  (right-hand  scale),  with  the 
£1  virtual  photon  spectrum  in  Eq.  (1)  and  using  the 
Davies-Bethe-Maximon  cross  section  in  Eq.  (2). 

TABLE  IV.  Percentage  of  the  £1  and  £2  sums  in  the 
a channel.  £1  sum;  60  NZ/A  MeV  mb.  £2  sum; 
0.22Z2A'1/3  Mb/MeV.  £2  bin:  14-20  MeV.  Upper 
limits  of  the  integrals  = 50  MeV. 


£1 

£2 

Nucleus 

Schiff 

D-B-M  Schiff  D-B-M 

58Ni 

4.8±  0.5 

6.0  ± 0.6  24 ± 3 15±  3 

®Ni 

4.4±  0.7 

5.4±0.7  24±  4 15± 4 

“Ni 

2.4±  0.3 

2.9±  0.3  10  ± 2 6±  2 

TABLE  V.  <TtiP 

at  100  MeV. 

corneas) 

CTaj>(calc)  <7„,(corr) 

Nucleus 

(mb) 

(mb)  (mb) 

saNi 

1.15±  0.02 

1.10  0.98 

®Ni 

0.50  ±0.01 

0.47  0.42 

®Ni 

0.24±0.01 

0.22  0.19 

FIG.  12.  The  measured  cr,ia(£0)  for  S0Ni  as  a function 
of  total  incident  electron  energy  £0  (open  circles).  The 
full  circles  represent  the  electro  plus  photodisintegra- 
tion yield  obtained  when  the  0.217  g/cm2  foil  was  inter- 
posed in  the  incident  electron  beam  and  the  triangles 
show  the  data  of  Ref.  25.  The  smooth  curves  through  the 
points  result  from  combining  the  histograms,  represent- 
ing the  £1  and  £2  (y.ct)  cross  sections  (right-hand  scale), 
in  Eqs.  (1)  and  (2)  with  the  £1  and  £2  virtual  photon  spec- 
tra and  making  use  of  the  Davies-Bethe-Maximon  brems- 
strahlung  cross  section.  These  integrals  have  been  ex- 
tended to  130  MeV  assuming  that  the  ( y,a ) cross  section 
Is  zero  above  50  MeV.  That  the  measured  cross  sec- 
tions lie  below  this  curve  probably  stems  from  the  fail- 
ure of  the  long  wavelength  approximation. 


TABLE  VT.  o-8_a  at  100  MeV. 


Nucleus 

°e,a  (tneas) 
(mb) 

°a.a(calc) 

(mb) 

^e.afcorr) 

(mb) 

MNi 

0.069±0.002 

0.084 

0.063 

®Ni 

0.063  ±0.002 

0.081 

0.060 

32  Ni 

0.033  ± 0.001 

0.036 

0.027 
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Quasimonochromatic  photons  have  been  used  to  measure  elastic  and  inelastic  photon 
scattering  cross  sections  in  the  giant  dipole  resonance  region  of  5:Cr,  Fe,  t0Ni,  ,:Mo,  and 
"‘Mo  in  an  experiment  in  which  the  elastic  and  inelastic  scattering  are  resolved.  The  elas- 
tic scattering  cross  sections  show  clear  evidence  for  isospin  splitting  of  the  giant  dipole 
resonance.  The  inelastic  scattering  to  low-lying  vibrational  levels,  which  is  a measure  of 
the  coupling  between  the  giant  dipole  resonance  and  collective  surface  vibrations,  is  in 
qualitative  agreement  with  the  predictions  of  the  dynamic  collective  model.  However, 
when  examined  in  detail,  this  model  does  not  provide  an  adequate  description  of  the 
scattering  data. 


NUCLEAR  REACTIONS  !:Cr,  Fe,  *°Ni.  ’“"Mo  (y,/),  14<£r<  22 
MeV;  measured  Er  E/ , dcr/d£l  for  Yo.Y\-  Compared  to  DCM  predic- 
tions. Tagged  photons. 


FTG.  6.  Elastic  (closed  circles)  and  inelastic  (open  cir- 
cles) scattering  cross  sections  at  6=  120*  for  °°Ni.  The 
error  bars  represent  statistical  uncertainties  only.  The 
solid  'dashed)  lines  are  DCM  calculations  for  the  elastic 
and  inelastic  cross  sections  including  (not  including)  the 
etTect  of  isospin  splitting. 
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A simple  Lane  model  is  used  to  parametrize  the  energy  systematics  of  the  isospin 
splitting  of  high-spin  magnetic  states  in  non-self-conjugate  nuclei.  A strength  param- 
eter Vt  = 106 ± 10  MeV  is  found. 

PACS  numbers:  25.30. Cg,  21. 10. Dr,  21.10.Hw 
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The  most  stringent  test  to  date  of  the  concept  of  isospin  splitting  of  the  giant  dipole 
resonance  in  a medium-weight  nucleus  has  been  performed  by  a study  of  the  (' Y,n$i , (y, 
pt) , and  (y,y)  reaction  channels  for  5°Ni.  The  ground-state  photoneutron  cross  section 
for  Ni  was  measured  and  compared  with  the  already  known  (y,  ptf  reaction  cross  sec- 
tion in  order  to  demonstrate  isospin  splitting.  The  relative  strength  and  separation  of 
the  isospin-dependent  components  of  the  resonance  were  estimated  from  an  analysis  of 
photon  scattering  data. 

PACS  numbers:  25.20. +y,  24.30. Cz,  27.50.+  e 


FIG.  1.  (a)  Ground-state  photoneutron  (points)  and 
photoproton  (solid  line)  cross  sections  for  ,0Ni.  The 
data  points  are  the  results  of  the  present  measure- 
ment. The  solid  line  is  from  Ref.  5.  The  dashed  curve 
is  a Lorentizian  of  width  3.4  MeV  and  peak  cross  sec- 
tion adjusted  to  fit  the  (y,?io)  data.  The  dash-dotted 
curve  is  a Hauser- Feshbach  statistical  calculation  of 
the  (y.nri)  cross  section,  (b)  Total  photoneutron  cross 
sections  for  60N1  from  Ref.  7 (circles)  and  the  cal- 
culated photoabsorption  cross  section  <Jr  for  ^Ni  (solid 
line).  The  dashed  and  dash-dotted  lines  are  the  calcu- 
lated T>  and  T < components,  respectively,  ofoy.  The 
calculation  was  performed  in  the  framework  of  the 
dynamic  collective  model  with  parameters  adjusted  to 
fit  the  elastic  photon  scattering  data. 
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REACTION 
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ENERdY 

TYPE  RANGE 

TYPE  RANGE 

ANCLE 

G.N 

RLX 

7-9 

C 7-9 

TOF-D 

DST 

(7.  8-8.  9) 

(7.  8-8.9) 

. 

TABLE  VI.  Enemies  and  parameters  for  resonances 
in  the  reaction  slNi(y,  rt).  The  » 20%  error  in  the  quantity 
r^r,  /T  for  all  resonances  is  due  mainly  to  the  uncer- 
tainty in  the  absolute  nosj^alization  of  the  data.  The 
energies  given  in  column  2 are  calculated  from  those  of 
column  1 by  applying  a correction  for  recoil  effects. 

For  unassigned  levels,  column  4 gives  /V . 


EJn.y)  £,fy.»)  at  9 = 90* 

Reference  18  Calc.  Obs.  rT>r,/r 

(keV)  (keV)  (keV)  (eV) 


J * 

F 

12.47 

11.64 

11.6 

0.367 

28.64 

27.00 

... 

TABLE 

V.  Angular 

momentum  assignments  for 

reso- 

43.08 

40  36 

40.4 

0.018 

nances  in  the  reaction  ?1 

Ni(y.  n). 

65.13 

86.8 

82.77 

... 

... 

E„( y.Mi 

d<r(90  "t/da 

E„iy,n) 

da(90*)/dn 

08 .1  *0.7 

93.62 

92.6 

0.102 

(keV) 

do(Uo')/da 

y 

(keV) 

de(135*)/dn 

y 

156.4 

1403 

... 

... 

11.6 

s wave 

F 

102.9 

s wave 

F 

162.1  ±13 

155.0 

154. 

0.166 

12.6 

186.5 

179.1 

179. 

0.062 

1.15  *0.15 

F 

106.0 

1.05*0.07 

1- 

2 

198.0*0 

190.0 

192 .0 

0 .557 

22.0 

0.50*0.10 

t" 

114.8 

0.61  *0.05 

F 

Total  1.481 

31.0 

0.55  *0.12 

T 
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0.95  ±0.09 

lr 

J~ 

f 

40.4 

s wave 

if 
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0.91  ±0.08 

• • • 

• • • 
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0.040 

47.4  ±0.22 

45.0 

45.0 

0.166 

45.0 

1.13*0.07 

T 

141.8 

1.28  ±0.19 

i - 

56.9  *0.29 

54.1 

53.9 
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48  3 
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F 

154.0 

s wave 

F 

1113*13 

1063 

106.0 

0.419 

0.49*0.07 

f 

136 .5*1.4 

130.5 

129.5 

0.256 

53.9 

f 

159.0 

134  *0.08 

139.6*  1.4 
No  data 

1333 

132.5 

141.6 

0.314 

0.148 

0.97*0.11 
1.10  *0.12 

162.0 

0.72*0.06 

F 

No  data 

159.0 

0.216 

52.0 

0.68  *0.04 

i- 

1793 

s wave 

F 

Total  1.651 

0 .30  *0.05 

187 

0.62*0.05 

F 

J* 

F 

813 

0.51  ±039 

f 

192 

s wave 

F 

23.8  *0.1 

22  4 

22.0 

0.020 

92.6 

s wave 

F 

32.9*0.1 

31.1 

31.0 

0.018 

513*0  3 

48.9 

48.3 

0.034 

under  strong  j 

-wave  level 

62.0 

0.189 

84.7*0.6 

80.7 

81.4 

0.093 

120.6  *ia 

1153 

114  3 

0.205 

... 

... 

162.0 

0.231 

... 

... 

187.0 

0.165 

Total  1.067 

Unassigned  levels 

93-3 

89.0 

89.0 

0.014 

... 

... 

107.9 

0.032 

No  data 

175.0 

0.067 

Total  0.113 

(over) 
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FIG.  7.  Photoneutron  time-of-flight  spectrum  for  MNI(y,»).  The  upper  section  was  taken  with  a flight  path  of  9 m 

the  lower  section  with  a flight  path  of  5.5  m. 


TABLE  VII.  Integrated  yields  and  reduced  widths  for  electric  and  magnetic  dipole  radiation.  Integrated  yields  are 
given  for  all  resonances  observed,  but  reduced  widths  for  magnetic  dipole  transitions  are  calculated  only  from  yields 
forp-wave  levels  above  100-keV  neutron  energy  (see  discussion  in  Sec.  IV).  The  number  of  resonance  widths  used  to 
obtain  each  5 is  given  by  it.  The  errors  given  were  calculated  by  assuming  that  the  individual  T^’s  follow  a Porter- 
Thomas  distribution. 


Target 

Jr 

E«V./r 

(eV) 

£ r>r„/r 

(eV) 

n 

103  x reduced  width 
Individual  average 

“Cr 

If 

2 

0.97 

3.88 

7 

V* 

1.27 

5.06 

6 

**,=41  **,=>28^5 

f 

0.86 

1.71 

10 

fni-lS 

57  Fe 

It 
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0.83 

1.66 

8 
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i - 
+ 

0 .37 

0.74 

4 

* *j  = 9 * *t  = lOtj9 

i- 

2 

0.34 

0.34 

3 

^ Ml  ° 10 

*sNi 

¥ 

0.37 

1.48 

11 

*S1  =0.96t^;*| 

r 

0.41 

1.65 
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**,=27  h m =20L}* 
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0.54 

1.07 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RAN  SE 

TYPE  RANGE 

G , G 

LFT 

1 

C 0-2 

SCD-D 

(1  .186) 

1.186  MeV 


:,Mg.  27 


Al. 


Abstract.  Lifetimes  of  49  excited  states  below  1.65  MeV  have  been  measured  in 
*Ti.  "Ni.  "Co.  4I“n..  4343Cu.  44,**‘**Zil  7,As.  l03Rh.  ,13-“5In.  "4-"‘-,J0Sn  and 
by  means  of  nuclear  resonance  fluorescence  experiments.  The  levels  are  excited  by 
bremsstrahlung  x-ray  photons.  The  self-absorption  technique  applied  to  suitable  cases 
provides  nuclear  absorption  cross  sections,  widths  and  lifetimes  from  which  the  x-ray 
spectral  distributions  are  also  obtained.  Scattering  experiments  are  performed  for  all  other 
cases  in  order  to  obtain  widths  and  lifetimes  from  these  x-ray  photon  curves.  The  Compton 
efTect  in  the  sample  is  taken  into  account.  Self-absorption  provides  ^To  from  which  T is 
deduced  using  adopted  J'  and  To/T  values:  scattering  provides  u = from 

which  T is  also  deduced  with  J.  To/T  and  mixing  ratios  taken  from  the  literature.  Thanks  to 
simultaneous  determination  of  the  x-ray  spectra  all  the  lifetimes  as  given  by  our  programs 
with  their  statistical  errors  form  an  unusually  coherent  set  of  values. 


NUCLEAR  REACTIONS  (y.  •/).  bremsstrahlung  excitation:  natural  isotopes:  :*Mg. 
J7AI.;*Ti.  :,Ni.  "Co.  “-4:Ni.  *J',3Cu.  M 44“Zn.  7iAs.  ,01Rh.  ,n  i,5In.  u‘  ‘"  i:0Sn 
and  12u:3Sb:  E ■=  0.5— 1.65  MeV;  measured  ^T0  or  glTi/DHTA);  deduced  T,  j. 
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Tableau  3.  Resultats  des  mesures  des  niveaux  etudies  par  diffusion. 
Table  3.  Results  obtained  using  the  diffusion  method. 


u = g[VliV)W(0)  r(ps) 


Isotope 

Energie  (keV) 

J' 

Jo 

r0/r 

6 

(meV) 

ce  travail 

r,5f  (ps) 

References  t 

J‘Mg 

1368.59(4) 

•)  * 

0* 

l 

E2 

1,08(13) 

1.76(21) 

1,98(4) 

Endl  et  van  der  Leun 

27  A1 

(1978) 

1014.45(3) 

2~ 

0.971 

-1-0.351(12) 

0,186(13) 

2.20(16) 

2.12(8) 

Endt  et  van  der  Leun 
(1978) 

Been (1978) 

4,Ti 

983,512(3) 

♦ 

0' 

1 

E2 

0,282(23) 

6.74(55) 

6.1(13) 

J!Ni 

1454.45(15) 

2 *■ 

0* 

1 

E2 

2,11(26) 

0,90(11) 

0.92(3) 

K ocher  et  Auble 

5,Co 

(1976) 

1099,224(25) 

j- 

J- 

1 

(E2) 

0.069(8) 

4,79(55) 

3.17(58) 

Kim  ( 1976) 

!,Co 

1458.8(3) 

v- 

r 

0.91 

(E2) 

0,68(8) 

1.17(14) 

1.52(16) 

Kim  (1976) 

!,Co 

1480.9(3) 

% 

7- 

0,8 

<0.35* 

1,23(15) 

0.254(31) 

0,31(3) 

Kim  ( 1976) 

“Ni 

1185.7(6) 

0.77(8)* 

|0,14| 

1.88(49) 

0,21(5) 

0,16(3) 

Andreev  et  at  ( 1974) 

*4Ni 

1 172.91(9) 

2* 

0" 

1 

E2 

0.88(17) 

2.15(42) 

2.09(3) 

Halbert  ( 1979a) 

65Cu 

“Cu 

1327.00(7) 

i” 

0,84 

(E2) 

1,04(14) 

0.84(11) 

0,88(4) 

Auble  (1979b) 

1412,05(4) 

! 

0,72 

+ o.6ij:Si 

0,260(38) 

1.90(28)  . 

1.61(3) 

Auble  (1979b) 

MZn 

"Cu 

991.54(7) 

2 ” 

0* 

1 

E2 

0,640(54) 

2,97(25) 

2.60(13) 

Halbert  (1979b) 

1481.83(5) 

l~ 

1- 

0.85 

(E2) 

1,13(19) 

0,79(13) 

0.49(5) 

Auble  (1975a) 

”*Zn 

1039,37(6) 

2* 

0* 

1 

E2 

0,70(6) 

2,71(23) 

2.25(15) 

Auble  (1975b) 

“Zn 
75  As 
73As 
75  As 
,3As 
75As 

1077,38(5) 

2' 

0* 

1 

E2 

0,70(6) 

2,71(23) 

2,34(23) 

Lewis  (1975) 

572.5(10) 

j- 

2- 

1“ 

0.39b 

0,236(26) 

4,14(46) 

3,5(9) 

Horen  et  Lewis  (1975) 

823,0(10) 

i- 

0,86“ 

(E2) 

0.214(22) 

4.27(43) 

3,5(3) 

Robinson  et  at  ( 1967) 

865,5(  10) 

5* 

0,83“ 

C 

0,78(6) 

0,863(68) 

0,60(12) 

Celliers  et  at  (1977) 

1076,0(10) 

j 

3 

0,94“ 

0,38“ 

1,97(13) 

0,287(19) 

0,32(7) 

Celliers  et  at  (1977) 

1 128,5(10) 

** 

i~ 

1 

El“ 

0,224(24) 

1,47(16) 

— 

sAs 

1 349. 0<  10) 

\ - 

i- 

0.67“ 

0.20“ 

1.61(29) 

0.180(32) 

0.12(3) 

Wilson  (1970) 

7!  As 

1370.01 10) 

\ 

\- 

0.47“ 

0.47* 

0.64(13) 

0.218(44) 

— 

102  Rh 

803.1(2/ 

1 - 

j- 

0.70 

Ml 

1.851 16) 

0.174(15) 

— 

Harmatz  ( 1979) 

lu3Rh 

1277.0(2) 

i 

r 

0,75 

-0.62(30)' 

0,81(9) 

0.87(10) 

1.3(9) 

I larmnlz  ( 1979) 

"Mm 

1 177(  1) 

o • 

1 

4 0,5(2) 

9.1(8) 

0,086(8) 

0,10(6) 

Tuttle  et  ui  ( 1976) 

"Mm 

15  I0(  ! ) 

2 " 

^ ► 

0.935 

-o.5}:i{ 

6.4(9) 

0,071(10) 

0.1  ij’.s; 

Tuttle  et  ul  ( 1976) 

"Mn 

1077. 7(  10) 

5 . 
S 

$ 

0.81' 

(E2) 

0.159(24) 

1.61(24) 

1.23(7) 

Tuttle  et  ul  ( 1 9761 

"Mn 

1290.59(3) 

V- 

7 * 

0.9  8 1 

(E2) 

1.31(11) 

0.66(6) 

0.55(4) 

Tuttle  et  at  ( 1976) 

"Mn 

1448.78(3) 

r 

i* 

0.86 

-8* 

0,90(  1 1 ) 

0.50(6) 

0.52(20) 

Tuttle  et  alt.  197 6) 

"Mn 

1486.111) 

?• 

*• 

0,787 

- 0.8r 

0.63(9) 

0.63(9) 

0.4(31 

Tuttle  etuli  1976) 

"Mn 

1497.2(4) 

( 5 ’ ) 

i* 

< I 

(E2) 

1.33(16) 

<0.30(4) 

— 

"Mn 

1607.8(15) 

( j •) 

V 

C 1 

(E2) 

1,54(24) 

s:  0.26(4) 

— 

"6Sn 

1293.54(2) 

1 * 

0* 

1 

E2 

3.58(37) 

0.53(6) 

0.522(14) 

Carlson  el  at  ( 1975) 

"8Sn 

1229.64(4) 

2 ' 

0* 

1 

E2 

2.75(28) 

0,69(7) 

0.67(2) 

Carlson  et  at  ( 1976) 

l20Sn 

1171.6(2) 

2 * 

0* 

1 

E2 

1.83(16) 

1.04(9) 

0.91(2) 

K ocher (1976) 

12lSb 

1023.5(10) 

l’ 

1 * 

1 

|0.57I* 

3.69(34) 

0,228(21) 

0.20(7)” 

Tamura  et  at  ( 1979) 

121Sb 

1 105,5(10) 

?* 

7 ♦ 
2 

0.4 

— 

0,47(4) 

0.42(4) 

— 

l2lSb 

1 142,5(101 

b 

0.6 

(E2) 

0.85(8) 

0,449(40) 

0,4  1(8)" 

Booth  et  at  (1973) 

,2,Sb 

I384.(X  10) 

\- 

5 * 

I 

(0,45  ( * 

4.7(5) 

0.0921 10) 

0.088(14)” 

Booth  et  alt  1973) 

123Sb 

1029.51 10) 

Q ♦ 
2 

r 

1 

iO,57|‘ 

2.96(27) 

0.272(2  5) 

0.26(4)” 

Booth  et  ul  ( 1973) 

!23Sb 

1086. 5(  10) 

2* 

7 * 

1 

(p|  > '..26* 

1.06(9) 

0.67(6) 

0.72(15)” 

Booth  et  ui  ( 1973) 

+ References  pour  !es  coionnes  3,  4.  5.  6 et  9 de  chaque  ligne,  sauf  indication  appelee  au  bas  de  ce  tableau.  Pour  les  autres  donnees  se  reporter  au 
texte. 

Remarque.  Pour  caiculer  j2  auand  nous  ne  disposons  que  de  B( E2),  pour  un  melange  (E2)  + (MI),  nous  deduisons  gTo(E2):r  B{E2)E? ; en 
admettant  UW)  = 1 et  con.naissant  To/T.  notre  determination  de  u donne  une  premiere  approximation  de  .iffo  d’ou  une  valeur  de 
n2  — <j?r0( E2))/(.?f o — g'T o( H2 ))  qui  permet  d’ameliorer  W(6)  et  gTo  de  proche  en  proche. 

* Swann  ( 197 1 );  6 Robinson  et  at  (1967):  c HVI)  = 0.99  calcule  d'apres  la  formule  de  Celliers  et  at  ( 1977);  “ Abbondanno  et  ul  ( 1978): ' Saycr  et  at 
( 1472);  ’ Tuttle  et  at  1 1976);  ‘ d'apres  8(E2)  de  Barnes  el  at  ( 1966):  11  calcule  d'apres  Booth  et  at  ( 1973): ' Williams  et  at  ( 1975):  > Dietrich  et  at 
(1970). 
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METHOD 


Synchrotron;  proton  cross  section;  radioactivity. 


REF.  NO. 

59  Ca  1+ 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,P 

ABX 

12-52 

c 12-52 

ACT- 1 

4pi 

a = 0.019  b 

max 


r 


(l/2  a max) 


5.2  MeV 


0.13±0.02  MeV-b 


Figure  1.  Activation  curves  for  the  photodisintegration  of  nickel:  A,  58Ni(y,  p)/S8Ni(y,  n); 
B,  58Ni(y,  n);  C,  J8N'i(y,  p);  D,  "Ni(y,  p);  E,  48Ni(y,  np  + y,  2n).  The  ordinates 
for  curves  B,  C,  D,  E are  in  arbitrary  units,  while  those  for  curve  A give  the  ratio 
absolutely. 


Figure  2.  Excitation  functions  for  the  photodisintegration  of  nickel:  A,  4SNi(y,  p); 

B,  S8Ni(y,  n);  C,  81Ni(y,  p);  D,  i8Ni(y,  np  + y,  2n). 
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Linac 


REF.  NO. 

66  Du  1 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

FMF 

1 

D 45-65 

MAG-D 

DST 

Table  I.  Reduced  transition  probabilities  B(E 2)  and  transition  radii  Rtr  for  the  first  excited  states  of  the  even 
Ni  isotopes. 


BiE  2,(T— 2+) 
t e 2 F4) 


Isotope 

Level  energy 
(MeV) 

Ref.  12 

Present 

work 

Rtr 

(F) 

Ni58 

1.452 

2+ 

720  ± 10 % 

620  ±14% 

5.35  ±10% 

Ni80 

1.332 

o+ 

910  ±9% 

776  ± 12% 

5.23  ±12% 

Ni82 

1.172 

2+ 

830  ±9% 

770  ± 12% 

5.23  ±10% 

FIG.  1.  Form  factor  for  the  first  excited  (2+)  state 
of  Ni”  , as  a runction  of  momentum  transfer  squared. 
The  solid  points  represent  measured  form  factors  di- 
vided by  the  square  of  the  momentum  transfer  plottea 
logarithmically  as  a function  of  the  square  of  the  fno- 
mentum  transfer.  The  line  is  a plot  of  theoretical  re- 
sults using  the  computer  program  of  Ref.  9 to  calcu- 
late form  factors  corresponding  to  transition  charge 
densities  described  by  the  parameters  cotr  and  ftr 
[Eq.  (3)].  The  open  triangle  at  q = 0 represents  the  oho- 
ton  point,  calculated  from  Eqs,'  (2)  and  (4),  using  the 
parameters  quoted  in  the  figure.  The  square  repre- 
sents the  results  of  the  Coulomb-excitation  experi- 
ment of  Ref.  12. 
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67  Du  1 


HMG 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

oetector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E.E/ 

FMF 

1-5 

D 45-65 

MAG-D 

DST 

Table  11.  Reduced  radiative  transition  probabilities 
and  transition  radii 


B ( EL ) . SEP  ISOTPS 


El  Transition** 


Excitation 

energy 

(MeV) 

BIE2.0-  - 2-) 
(«•  F‘ >) 

B(£2.0»  - 2*) 
3(£2.0»  - 2-)w 

at 

(F) 

Nl»» 

1.452 

657*  11 

10 

0.177*0.003 

5.51 

3.0J4 

S3*  3 

1 

0.063  *0.002 

5.51 

3.26 

153  ± 13 

2 

0.085*0.008 

5.51 

NI* 

1.330 

S45di  9 

12 

0.197  *0.002 

5.55 

NI** 

1.172 

877  * 11 

12 

0.197  *0.001 

5.59 

£3  Tranaitiona* 

Excitation 

B(E3.0*  -3*) 

energy 

fl(E3. 0*  -.3-) 

Xw 

(MeV) 

B(  23.0*  -3*)., 

ft 

(F) 

Ni** 

4.4SO 

IS  600-520 

13 

0.203  *0.005 

6.03 

Ni** 

4.033 

28  100*640 

19 

0.241  *0.006 

6.09 

Ni" 

3.75 

20  100  *540 

13 

0.197  *0.005 

6.11 

• The  error*  quoted  for  B{EL)  inume  the  liquid-drop  model  for  the 
transition  chirre  density  and  are  purely  itatiatical  in  nature.  The  estimate 
of  error  from  dependence  on  the  parameters  of  thia  charfe  denaity  are 
*15%  for  both  B(EL ) and  R> r.  See  text. 


Ni 


«« 


1.17  MeV  l* 


fh.  v;u  i and  experimental  \F-„\>  versus  , for 

3-/5-MeV  3 state.  The  solid  curve  is  the  l^.l’  cal- 
culated by  Code  CBBOW  using  Uie  strict  hydrodynamic  model 
ic«r=c,  /»,=•<).  The  best  ht  to  the  daca  is  obtained  bv  a least- 
squares  analysis. 


Ftc.  25.  The  theoretical  and  experimental  |Fi«|*  versus  j for 
the  Ni“  1.17-MeV  2*  state.  The  solid  curve  is  the  IFial*  cal- 
culated by  Code  gbrow  using  the  strict  hydrodynamic  model 
(cu=c\  The  best  St  to  the  data  is  obtained  by  a least- 

squares  analysis. 
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REF.  NO. 

67  Es  L 

JDM 

REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,G/ 

ABX 

8 

D 8 

NAI-D 

DST 

<(dcS^Y/dn)138  0>  = ( l6.8±3.4)rab/sr. 


<<J^>  = ( 190+40) rob. 


j-i 

Fig.  S.  Energy  levels 
(MeV)  and  photon  tran- 
sitions observed  in  this 
experiment.  The  energies 
on  the  left  and  the  /=1 
assignment  for  the  7.64- 
MeV  level  were  determined 
in  this  experiment.  For 
comparison,  the  energies 
and  the  angular  momenta 
determined  in  other  reac- 
tions CRcf.  6)  are  given  on 
the  right. 


Fio.  2.  Decomposition  of  the  scattered-photon  spectrum  after 
the  background  subtraction.  The  solid  line  is  the  sum  of  the  three 
components  A , 3,  and  C. 


r 


Fig.  6.  Angular  distribu- 
tion of  the  elastically  scat- 
tered photons.  The  solid  line 
is  the  theoretical  curve  for 
J=  1,  IF  (9)  = C(1  -i-cos2#) 
normalized  at  135°. 


Table  I.  Energies  and  relative  intensities  of  the  resonantly 
scattered  photon  groups.  The  third  column  gives  the  energies  of 
the  lower  lying  levels  populated  by  the  scattered  photons. 


Component 

Energy  £,• 
(MeV) 

«.  = E^-Ei 
(MeV) 

Relative 

intensity 

(%) 

A 

7.64±0.05 

0.00±0.07 

69±8 

B 

6.47=0.05 

1.17=4=0.07 

8±2 

C 

5.58=0.05 

2.06=0.07 

23±8 

4 W.  F.  Miller  and  William  J.  Snow,  Argonne  National  Labors.' 
tor/  Report  No.  ANL-6318,  1961  (unpublished). 
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REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.G 

LFT 

7 

D 

NAI-D  4-7 

135 

7-7.o4  MEV 


Self-absorption  measurement 


TABl£  1 


Nucleus 

T ransi- 
tion  en- 
ergy. MeV 

- '7 

r,  ev 

Nucleus 

Transi- 
tion en- 
ergy.Mrt/ 

'7 -'7 

rT  ev 

,.N,« 

7.ll/i 
•1  47 
5.  fio 
5.34 
5. it 
4.70 

i • <>♦ 

1*  - 2* 
1 - — 0* 
r - 2* 
1-  2* 

l.o  +0.10 
o.33±o.n 
1.2K±o.38 
0,(i0±O.|8 
0.3tl±0.14 
2. I5±0.64 

«Cd^ 

7.r,/, 
7.08 
11  50 
5.80 
7.28 

l • — ll* 

r — :>♦ 

i — (>♦ 

r — 2* 

I"  — «♦ 

o.2o±o.n5 
O.o5+o  o| 
0.  II  ±0.03 
0.  |R±o  ll/| 
0.78  to  "3 
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7 

D 7 
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Table  1 

Properties  of  levels  populated  by  resonance  scattering  of  iron  capture  y rays;  Jo  and  J denote  the  spins  of  the  ground 

and  resooance  levels,  respectively. 


Scattering 

Jo 

Resonance 

Resonance 

Af(90,  90)/Af(90,0) 

Transition 

i6otope 

level  (MeV) 

spin 

exp. 

calc. 

character 

208p|j 

0+ 

7.279 

1 

1.18  ± 0.03 

1.18 

Cl 

H2cd 

0 + 

7.632 

1 

0.87  ± 0.04 

0.855 

Ml 

Mlpr 

\* 

7.632 

1 

t 

1.03  ± 0.02 

1.03 

El 

62N1 

0* 

7.646 

1 

0.83  ± 0.04 

0.855 

Ml 

203-j*| 

i+ 

2 

7.646 

1 

1.00  ± 0.01 

1.00 

- 
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Kin.  9.  Angular  distributions  oi  resonantly  scattered  photons 
in  Ni°.  The  solid  lines  are  the  least-squares  fit  through  tne  data 
points. 


Table  II.  Summary  of  angular  distribution  measurements  in  N'i10. 


E 

i Me  VI 

Final 

state 

(MeV) 

H‘<e) 

( Fx|>erimental) 

IV  (9) 

(Theoretical) 

J 

7.64 
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l + (1.06±0.09)  cos1# 

1 4*  cos*0  (0 — *!-•<)» 

1 

5.58 

2.06 

1 + (I.I5±0.22)  cos 

l+cos1#  fO— >1— 4)) 
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posm  N8S-418 

REV.  7-1  4-84) 

USC  O MM-  O C 26010-P64 


u.s.  department  of  commerce 

NATIONAL.  BUREAU  OF  STAnOAROS 


PHOTONUCLEAR  DATA  SHEET 


191 


R.  Moreh,  S.  Shlorao,  and  A.  Wolf 
Phys.  Rev.  C2 , 1144  (1970) 


I EL  EM.  SYM. 

I 

i Ni 


62 


I 

70  Mo  2 


28 


hmg 


SOURCE 

oetector 

ANGLE 

REACTION 

RESULT 

ENERGY 

TYPE 

RANGE 

TYPE  RANGE 

ABX 

3 

D 

a 

2C4lD 

D-ST 

(7.646) 

(7.646)- 

8 = 

7.646.  LFT 

TABLE  HI. 

Summary  of  the  results  of  spins,  parities, 

and  total  widths  of  resonance  levels  excited  by  y rays  obtained 

from  neutron  capture  in  iron. 

Parities  in  parantheses  are  uncertain. 

Energy 

5 = 1 Er-E'l 

ro/r7 

r7 

Isotope 

CvIeV) 

(eV) 

Transition 

(±8%) 

(10-3  eV) 

:oCr 

8.388 

18  ±1 

o* 

1 

• • • 

0.90 

750=200 

62  Ni 

7.646 

14  ±1 

o+ 

1- 

El 

0.64 

430=  50 

74Ge 

6.013 

4.5  = 0.5 

0* 

1- 

El 

0.19 

120 x 15 

75  As 

7.646 

7.4  = 0.3 

3/2- 

1/2^ +) 

... 

0.11 

360=100 

103  Ag 

7.632 

9 =1 

1/2- 

3/2 

... 

0.7 

2=  1 

n2Cd 

7.632 

4. 3 = 0.4 

0* 

1- 

£1 

0.55 

36=  15 

123La 

6.013 

8.2  = 0.6 

1/2* 

7/2" 

£1 

0.50 

5U!< 

141Pr 

7.632 

11.4^ 

5/2+ 

5/2* 

Ml 

0.46 

72l|4 

:05T1 

7.646 

9.3=0. 3 

1/2* 

l/2^“> 

... 

0.58 

980=  90 

:08Pb 

7.279 

7. 1 = 0.3 

0 * 

1- 

.VII 

1.00 

780=  60 

TABLE  IV.  Effective  elastic  scattering  cross  section 
<ffr)  = a£(r0/Tr)’I'Cx01f0),  where  6,  J,  r„,  Tr  were 
taken  from  Table  m.  The  temperature  of  the  scarterer 
was  300°K,  while  that  of  the  iron  y source  was  640,’K. 


Target 

Resonance 

energy 

(MeV) 

<?r) 

(mb) 

MCr 

8.888 

905 

S2Ni 

7.646 

569 

74Ge 

6.013 

61 

75As 

7.646 

4.4 

103Ag 

7.632 

3.5 

U2Cd 

7.532 

193 

133La 

6.018 

39 

uipr 

7.632 

20 

ZOS'pj 

7.646 
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203pb 

7.279 
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Fig.  10  The  (y,p0)  cross  sections  of  Ni 
isotopes  obtained  from  proton 
spectra  by  the  (e,e'p)  reaction. 
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Table  1 Experimental  and  theoretical  results 


Nucleus 

Ta 

!«n3) 

\ 0-+  ( 

faP 

!c,|2 

(mb-MeV) 

J P 

(mb-MeV) 

J n j 
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K+[0P 

ic<l2-  |C>|2 

58Ni 
60Ni  : 
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1 

2 

310±30 

620±50 
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0.27 
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Fig.  3.  Decay  scheme  of  the  764(5  kcV  level  of  62Ni  showing  level  energies  and  correspond. nt 
branching  ratios  as  constructed  by  assuming  that  the  high-energy  y-lines  in  the  scattered  spectrarr 
are  emitted  in  primary  transitions.  The  spin  possibilities  of  the  higher  excited  states  are  based  on  ,ht 
assumption  that  the  resonance  level  is  deexcited  by  dipole  transitions. 


Fig.  4.  Angular  distribution  of  the  elastic  and  some  inelastic  lines  in  62Ni  as  measured  using  a 
30  cm3  Ge(Li)  detector.  The  solid  lines  have  the  form  W(8)  = 1 -i-/lF2(cos  0)  and  are  least  square- 
fits  to  the  experimental  distributions.  In  each  case  the  corresponding  y-y  cascade  is  indicated. 
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Fig.  4.  Relatise  scattering  yield  from  a Ni  scatterer  as  a function  of  temperature.  The  scatterer  thick- 
ness is  0.9  cm  and  the  geometry  is  indicated  in  the  figure.  The  scattering  yield  is  normalised  to  T = 
300:K.  The  solid  curve  is  the  theoretical  result  obtained  using  eq.  (1)  with0D  = 4203K,  <5  = 14.35  eV, 
I'  = 0.48  eV,  ra  T - 0.63,  while  the  dotted  curves  correspond  to  theoretical  results  having  the  same 
parameters  but  with  0U  = 470' K and  90  = 370°K.  The  dotted  curves  approach  the  solid  curve  and 
nearly  coincide  with  it  at  higher  temperatures:  for  clarity,  this  is  not  shown  in  the  figure. 
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The  yields  of  (y,  p)  reactions  on  <JNi.  ‘‘Ni,  and  ,3Cr  are  studied  u ranges  of  near  the  respective 
thresholds.  Considerable  differences  are  found  between  the  curve  shapes,  yields,  and  observed  thresholds  for 
the  Ni  isotopes  and  ,]Cr. 


FIG.  3.  Yields  of  the  reactions  s3Cr(7,  p)S2V  (curve  1 ),  MNi(7,  p)63Co 
(curve  2),  and  62Ni(7,  p)61Co  (curve  3)  as  functions  of  E 7 max-  Lowest 
scale  for  64Ni(7,  p);  middle  scale  for  "Nify,  p)  and  s3Cr(7,  p). 

Tv.jp 

rax,  MeV 

FIG.  4.  Measured  yields  of  62Ni(7,  p)41Co  in  the  region  of  Ey  max 
= 13.94—14.20  MeV.  Statistical  errors  are  indicated;  the  point  with  the 
symbol  ° is  the  rms  error. 
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The  (c,p)  and  (e,a)  cross  sections  for  targets  of  53Ni,  S0Ni,  and  "Ni  have  been  meas- 
ured In  the  electron  energy  range  16—50  MeV.  They  have  been  analyzed  using  the  dis- 
torted-wave Born- approximation  £1  and  £2  virtual-photon  spectra.  Protons  are  emitted 
primarily  following  £1  absorption  but  a emission  results  from  a combination  of  £1  and 
£2  absorption.  The  £2  isoscalar  giant  resonance  decays  predominantly  by  a emission 
for  these  nuclei. 


(E,XP)  VIRTUAL  PHOTON  G,XP 
( E,XA)  VIRTUAL  PHOTON  G,XA 
See  also  80  Wo  1 


TABLE  I.  Resonance  parameters  for  oy/. 


Nucleus 

E, 

(MeV) 

r 

(MeV)* 

/i?°o  dE 
(MeV  mb) 

SR" 

(%) 

s,Ni 

19.2  ±0.5 

6.5  ±1.3 

733±  40 

85  ± 5 

S0Ni 

13.5  ±0.5 

9.2  ± 1.3 

304  ±20 

34  ± 2 

"Ni 

21.0  ± 0.5 

5.8±  1.0 

140  ± 10 

15  ±1 

*T  is  the  full  width  at  half  maximum. 
bSR  stands  for  sum  rule;  the  £1  SR  equals  60  S'Z/A 
MeV  mb. 


TABLE  II.  £1  components  in  the  (*/,a)  reaction. 


Nucleus 

E, 

(MeV) 

r 

(MeV)1 

foJE 
(MeV  mb) 

SRb 

1%) 

i4Ni 

13.3±  0.5 

6±  1 

15.3  = 1.3 

O 

H 

00 

*°Nl 

21. 5±  1.0 

6 ± 1 

13.5  = 1.4 

2. 1 = 0.2 

"Ni 

13.3 ± 1.0 

5±  1 

4 .3 ± 0.6 

0.5±  0.1 

* T is  the  full  width  at  half  maximum. 
b£  1 SR  equals  60 NZ/A  MeV  mb. 


TABLE  III.  £2  components  in  the  (y, a)  reaction. 


Nucleus 

E, 

(MeV) 

r 

(MeV)1 

SadE 
(MeV  mb) 

SRb 

a) 

s,Ni 

16.5  = 0.5 

4.2±  1.0 

10.4=  0.7 

56  = 4 

50  Ni 

16.0  = 0.5 

3.7  ±0.3 

6.9  = 0.4 

52  = 3 

"Ni 

16.3=0.5 

4.5=  1.0 

5.1  ±0.4 

23=2 

*T  in  the  full  width  at  half  maximum. 
b£2  SR  equals  0.22  Z*/At/3  nb/MeV. 
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'Ni.  "°Ni,  and  “Ni  have  t 

ieen  measured  in  the  electron 

— 
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£2  virtual  photon  spectra.  Protons  are  emitted  primarily  following  £1  absorption  but  a-emtssion  results 
from  a combination  of  £ 1 and  £2  absorption. 

fRUCLEAH  REACTIONS  58>80-KNi fe ,p)  and  “•'"•“Nib. a);  measured 
crfEo,  £-,  48°),  o(£0. £„ 90°),  <r(£0,  £„  132°);  obtained  cr<e,/>>,  deduced 

ofi ,(£).  J 


s0Ni,  and  aNi.  (b)  The  ratio  of  the  number  of  a particles 
produced  by  electro  plus  photodisintegratioa  in  S3Ni  to 
the  number  produced  by  electrodisintegration  alone. 

This  ratio  was  obtained  by  placing  a 0.217  g/cnr  Ta 
radiator  in  the  beam  ahead  of  the  88Ni  target. 


(E.XP)  VIRTUAL  PHOTON  G,XP 

(E.XA)  VIRTUAL  PHOTON  G,XA 

1.  Measurement  also  made  at  100  MeV 

2.  Assumptions: 

For  photons:  do^)  tant 
drv 

For  alphas: 

^e)=o(90°)[A(Eo)+B(Eo)sin29] 
A(E),B(Eq)  determined  empirically 


(over) 


FIG.  3.  (a)  The  proton  spectra  d2cr/dTpdQ  measured 
at  90°  and  132°  when  50  MeV  electrons  are  incident  on 
targets  of  58Ni,  S0Ni,  and  °Ni.  The  insert  shows  the 
tails  of  the  energy  spectra  for  Si>Ni  and  aNi  where  the 
protons  are  slightly  forward  peaked,  (b)  The  ratio  of 
the  number  of  protons  produced  by  electro  plus  photo- 
disintegration  in  SSN1  to  the  number  produced  by  elec- 
trodisintegration alone.  This  ratio  was  determined  by 
placing  a 0.217  g/cm2  Ta  radiator  in  the  beam  7.8  cm 
ahead  of  the  58Ni  target. 
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FIG.  3.  The  <7,t#(£o)  and  Y^p C£j)  for  aNl  (left-hand 
scale)  obtained  by  using  the  £1  virtual  photon  spectrum 
In  Eq.  (1)  and  the  Davles-Bethe-Maximon  bremsstrah- 
lung  cross  section  in  Eq.  (2). 

TABLE  IV.  Percentage  of  the  £1  and  £2  stuns  in  the 
a channel.  El  sum;  60  NZ/A  MeV  mb.  £2  sum: 
0.22£!A‘‘/5  pb/MeV.  £2  bln:  14-20  MeV.  Upper 
limits  of  the  integrals  = 50  MeV. 


Nucleus 

£1 

Schiff 

£2 

D-B-M  Schiff  D-B-M 

s,Ni 

®Ni 

aNi 

4.8=  0.5 

4.4  = 0. 7 

2.4  = 0.3 

6.0  = 0. 6 24=3  15=3 

5.4*0. 7 24=4  15  = 4 

2. 9*0.3  10=2  6 = 2 

TABLE  V.  o-#->  ; 

at  100  MeV. 

Nucleus 

corneas) 

(mb) 

tf«j(calc)  <v#(corr) 

(mb)  (mb) 

s*Ni 

*Nl 

aNl 

1.15  = 0.02 
0.50*0.01 
0.24=0.01 

1.10  0.98 

0.47  0.42 

0.22  0.19 

TABLE  VI.  <rt-a 

t at  100  MeV. 

Nucleus 

o^.a(meas) 

(mb) 

.a  (ttslc)  c#ia(corr) 

(mb)  (mb) 

S,N1 

*Ni 

®N1 

0.069  = 0.002 
0.063  = 0.002 
0.033  = 0.001 

0.084  0.063 

0.081  0.060 

0.036  0.027 

FIG.  13.  The  measured  a(e,  a)  for  MN1  (open  circles) 
as  a function  of  total  incident  electron  energy  £0  (left- 
hand  scale).  The  full  circles  are  electro  plus  photodis- 
integration yields  obtained  when  the  0.217  g/cm!  tanta- 
lum foil  was  interposed  in  the  incident  electron  beam. 
The  smooth  curves  through  the  points  result  from  com- 
bining the  histograms,  representing  the  £1  and  £2 
(y,a)  cross  sections  (right-hand  scale),  in  Eqs.  (1)  and 
(2)  with  the  £1  and  £2  virtual  photon  spectra  and  making 
use  of  the  Davies-Bethe-Maximon  cross  section. 
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REF.  NO. 
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hg 


reaction 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE  ® 

TYPE  RANGE 

TYPE  RANGE 

G , G 

LFT 

1 

C 0-2 

SCD-D 

fi 

(1.173) 

I 

1 

1 .173  MeV 


AburacL  Lifetimes  of  49  excited  states  below  1.65  MeV  have  been  measured  in  :*Mg.  27 AL 
*Ti.  51  Ni.  3,Co.  “-“Ni,  tt«Cu.  M-6*-6*Zn.  75As,  103Rh.  “3,,JIn.  "‘•‘“•‘"Sn  and  12U23Sb 
by  means  of  nuclear  resonance  fluorescence  experiments.  The  levels  are  excited  by 
bremsstrahlung  x-ray  photons.  The  self-absorption  technique  applied  to  suitable  cases 
provides  nuclear  absorption  cross  sections,  widths  and  lifetimes  from  which  the  x-ray 
spectral  distributions  are  also  obtained.  Scattering  experiments  are  performed  for  all  other 
cases  in  order  to  obtain  widths  and  lifetimes  from  these  x-ray  photon  curves.  The  Compton 
effect  in  the  sample  is  taken  into  account.  Self-absorption  provides  gT o from  which  T is 
deduced  using  adopted  J " and  To/T  values;  scattering  provides  u = g(ro/r)W/(5)  from 
which  T is  also  deduced  with  J , r0/T  and  mixing  ratios  taken  from  the  literature.  Thanks  to 
simultaneous  determination  of  the  x-ray  spectra  all  the  lifetimes  as  given  by  our  programs 
with  their  statistical  errors  form  an  unusually  coherent  set  of  values. 


NUCLEAR  REACTIONS  (y,  /),  bremsstrahlung  excitation;  natural  isotopes;  :<Mg. 
27 AL  **Ti.  3*Nl  3,Co.  “ *2Ni.  ‘3-‘3Cu.  •M-M-MZn.  73 As.  10JRh.  “3M5In,  l“-u,-13aSn 
and  ,2,l23Sb;  E = 0.5-1.65  MeV,  measured  gfo  or  g(Vl/T)H\9Y.  deduced  Tin. 
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Tableau  3.  Resultats  des  mesures  des  niveaux  etudies  par  diffusion. 
Table  3.  Result*  obtained  using  the  diffusion  method. 


u^&ri/rmo)  r(ps> 


Isotope 

Energie  (keV) 

J * 

Jo 

r0/r 

s 

(meV) 

ce  travail 

frtf(ps) 

References  t 

14Mg 

1368.59(4) 

2- 

0* 

l 

E2 

1.08(13) 

1,76(21) 

1.98(4) 

Endt  et  van  der  Leun 

37  Al 

J’ 

(1978) 

1014.45(3) 

0,971 

+ 0,351(12) 

0.186(13) 

2,20(16) 

2,12(8) 

Endt  et  van  der  Leun 

(1978) 

**Ti 

983.512(3) 

2 - 

0* 

1 

E2 

0,282(23) 

6.74(55) 

6.1(13) 

Been (1978) 

“N, 

1454,45(15) 

* 

0* 

1 

E2 

2,11(26) 

0.90(11) 

0.92(3) 

Kocher  et  Auble 

(1976) 

”Co 

1099,224(25) 

j- 

J- 

1 

(E2) 

0.069(8) 

4,79(55) 

3.17(58) 

Kim  (1976) 

"Co 

1458.8(3) 

y- 

r 

0.91 

(E2) 

0,68(8) 

1.17(14) 

1.52(16) 

Kim  (1976) 

3,Co 

1480.9(3) 

»- 

l~ 

0.8 

<0.35* 

1,23(15) 

0.254(31) 

0.31(3) 

Kim  (1976) 

41  Ni 

1185.7(6) 

j- 

1 - 

2 

0.77(8)' 

10.14| 

1,88(49) 

0.21(5) 

0.16(3) 

Andreev  et  at  ( 1974) 

*JNi 

1172,91(9) 

2 ~ 

0* 

I 

E2 

0.88(17) 

2.15(42) 

2.09(3) 

Halbert  (1979a) 

43Cu 

1327.00(7) 

j- 

0.84 

(E2) 

1.04(14) 

0.84(11) 

0,88(4) 

Auble  (1979b) 

*3Cu 

1412.05(4) 

1- 

j- 

0.72 

.+  o.6ij:S{ 

0.260(38) 

1.90(28) 

1.61(3) 

Auble  (1979b) 

**Zn 

991.54(7) 

2 ‘ 

0* 

l 

E2 

0,640(54) 

2.97(25) 

2.60(13) 

Halbert  (1979b) 

*3Cu 

1481.33(5) 

7- 

1 _ 
J 

0,85 

(E2) 

1.13(19) 

0,79(13) 

0.49(5) 

Auble  (1975a) 

“Zn 

1039,37(6) 

2* 

6* 

1 

E2 

0,70(6) 

2.71(23) 

2.25(15) 

Auble  (1975b) 

uZn 

1077.38(5) 

2* 

0' 

1 

E2 

0.70(6) 

2,71(23) 

2.34(23) 

Lewis  ( 1975) 

’5  As 

572.5(10) 

J- 

i- 

1" 

0,39b 

0.236(26) 

4,14(46) 

3.5(9) 

Horen  el  Lewis  (1975) 

yAs 

823,0(10) 

I" 

j- 

0.864 

(E2) 

0.214(22) 

4.27(43) 

3.5(3) 

Robinson  et  all  1967) 

75  As 

865.5(10) 

1* 

j- 

0.83d 

C 

0.78(6) 

0.863(68) 

0.60(12) 

Celliers  et  al  (1977) 

77  As 

1076,0(10) 

j- 

1- 

0.94  4 

0J8‘ 

1.97(13) 

0.287(19) 

0J  2(7) 

Celliers  et  al  (1977) 

77  As 

1 1 28.5(  10) 

** 

i- 

I 

El4 

0.224(24) 

1.47(16) 

— 

7,As 

1349.01  10) 

l- 

l- 

0.6  74 

0.204 

1.61(29) 

0.180(32) 

0.12(3) 

Wilson  (1970) 

75As 

1370,0(10) 

i- 

0.4  7d 

0.4  7d 

0.64(13) 

0,218(44) 

— 

103  Rh 

803.1(2) 

1- 

i- 

0.70 

Ml 

1.85(16) 

0.174(15) 

— 

Harmatz  ( 1979) 

103  Rh 

1277.0(2) 

j- 

i- 

0.75 

-0.62(30)' 

0.81(9) 

0.87(10) 

1.3(9) 

Harmalz  ( 1979) 

ll3ln 

1177(1) 

y* 

f 

1 

+ 0.5(2) 

9.1(8) 

0.086(8) 

0.10(6) 

Tuttle  eta!  (1976) 

ll3In 

1510(1) 

2* 

r 

0.935 

-o.5}:l! 

6,4(9) 

0,071(10) 

0.ul:]{ 

Tuttle  et  al  ( 1976) 

,l3In 

1077.7(10) 

5* 

!• 

0.8  lJ 

(E2) 

0.159(24) 

1.61(24) 

1.23(7) 

Tuttle  et  al  ( 1976) 

,13ln 

1290.59(3) 

r 

r 

0.98J 

(E2) 

1.31(11) 

0.66(6) 

0.55(4) 

Tuttle  et  al  ( 1 976) 

,,3In 

1448.78(3) 

r 

!* 

0.86 

- 8f 

0.90(  1 1 ) 

0.50(6) 

0.52(20) 

Tuttle  et  al  ( 1976) 

"’In 

1486.10 

?* 

!* 

0.787 

— 0.8f 

0.63(9) 

0.63(9) 

0.4(3) 

Tuttle  et  ul  ( 1976) 

"’In 

1497.2(4) 

(j*) 

< 1 

(E2) 

1.33(16) 

<0,30(4) 

— 

"’In 

1607.8(15) 

(!*) 

j* 

< ! 

(E2) 

1.54(24) 

/A 

© 

N 

Ch 

— 

"*Sn 

1293.54(2) 

2 • 

0* 

1 

E2 

3.58(37) 

0.53(6) 

0.522(14) 

Carlson  et  alt  1975) 

M,Sn 

1229.64(4) 

2* 

0' 

1 

E2 

2.75(28) 

0.69(7) 

0.67(2) 

Carlson  et  al  ( 1976) 

l20Sn 

1171.6(2) 

*>  * 

O' 

I 

E2 

1.83(16) 

1.04(9) 

0.91(2) 

Kocher  ( 1976) 

l3lSb 

1023.5(10) 

j* 

; * 

1 

|0.57|» 

3.69(34) 

0.228(21) 

0.20(7)" 

Tamura  et  al  (1979) 

,JISb 

1105.5(10) 

!* 

5* 

0.4 

— 

0.47(4) 

0.42(4) 

— 

l3lSb 

1 142.5(10) 

9* 

i* 

0.6 

(E2) 

0.85(8) 

0.449(40) 

0.41(8)" 

Booth  et  al  ( 1973) 

13lSb 

1384.0(10) 

9 * 

j * 

1 

|0.45l* 

4.7(5) 

0.092(  10) 

0.088(14)" 

Booth  et  al  ( 1973) 

l,3Sb 

1029.5(10) 

!* 

2 * 

1 

10.571* 

2.96(27) 

0.272(25) 

0.26(4)" 

Booth  et  al  ( 1973) 

l,3Sb 

1086.5(10) 

f* 

j* 

1 

l<jl  > 1.26* 

1.06(9) 

0.67(6) 

0.72(15)" 

Booth  et  all  1973) 

+ References  pour  les  colonnes  3,  4,  5.  6 et  9 de  chaque  ligne,  sauf  indication  appelee  au  bas  de  ce  tableau.  Pour  les  autres  donnees  se  reporter  au 
texte. 

Remarque.  Pour  calculer  5:  quand  nous  ne  disposons  que  de  S(E2),  pour  un  melange  (E2)  + (MI),  nous  deduisons  gro(E2)oe5(E2)£,3;  en 
admettant  11(01  = I et  connaissant  To/T.  notre  determination  de  u donne  une  premiere  approximation  de  i'fo  d’oii  une  vaieur  de 
<5;  -ur0(E2  D/ljjTo  -gTol  E2))  qui  permet  d'ameiiorer  IK0)  et  uTo  de  proche  en  proche. 

* Swann  ( 197 1 ):  * Robinson  et  al  ( 1967); c WW)  = Q 99  calcule  d'apres  la  (ormule  de  Celliers  et  al  ( 1977):  J Abbondanno  el  ul  ( 1978); e Sayer  et  at 
( 1972);  ' Tuttle  et  at  (1976);  * d'apres  St  E2)  de  Barnes  et  al  ( 1966);  * calcule  d'apres  Booth  er  o/  (1973);  Williams  et  al  ( 1975);  > Dietnch  et  at 
(1970). 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

FMF 

1,4 

D 150,225 

MAG-D 

DST 

FIG.  2.  Form  factors  for  E2  transitions  in  nickel  iaotoper.  «— Ml**.  . 
!>-Ni**,  e-Ni*4.  Solid  eurvcs-Helm’i  model,  dashed  cunrea-lii^Heneny 
approximation.  PoinliLO,  •—our  data  for  150  and  225  MeV,  A.  Stan- 
ford data  [*],  X— Yale  data  ('*]. 


1«4  = 1.32.3.55  MEV 


FIG.  3.  R*  as  a function  of  q'1  for  E2  transitions.  Straight  lines:  1 — 
-Ni1*  (the  points  and  straight  line  arc  raised  by  0.5),  2-Ni**,  3-Ni*4 
(the  points  and  straight  line  are  lowered  by  1.0).  Points:  0—150  MeV, 
•-225  MeV. 


Table  13.  Reduced  probabilities  o t quadrupole  transitions  in 


the  isotopes  Ml 


l» 

Jt. 

M«V 

J * 

D(EZ).  '*** 

Ox 

Th»o»y 

Data  of  oihcv 
iutfwn 

Ilclm'c 

model 

e 

9 

if 

**  Q. 
= 2- 

| 

|U 

in 

* 

< 

r 

£ 

• 

t 
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i 

non 

I'l 

<vin 

H 

Ni- 

1.43 
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Table  m.  Reduced  probabilities  of  octupole  transitions  in 
the  isotopes  Mi5®’40’44 


Iaolop* 

g. 

F* 

Ox 

Oita  of  other 
authors 

MeV 

model 

Model- 

Independent 

method 

Awn|i 

atn> 

Reference 

Hi" 

4.45 

3* 

13800 

±1450 

13020 
. ±780 

13400 

10 

18  800 

27  000 
14  600 

!“! 

fl 

Hi" 

4.04 

3* 

13300 

±1800 

13910 

±830 

13600 

9 

28100 
35  000 
19100 

[“1 

H 

m 

Hi" 

3.55 

r 

16000 

±1800 

17000 

±1400 

18500 

9.4 

Table  IV.  Transition  radii  and  parameters  of  the  vibra- 
tional model  of  the  nucleus  for  E2  and  E3  transitions  in 
Ni3a,«o,<* 


Isotope 

if 

^ Iran  s 

CX.M.V 

BX. 

MeV-iec 

ft* 

<»Vh.  d. 

4 

Our 

result 

[-1 

0-2 

4,85 

5.51 

173 

82 

20.0 

o.H5 

±0.21 

±19 

±9 

±2.2 

±0.00* 

NI<* 

. 0-3 

5.13 

8.05 

1520 

77 

17 

0.101 

±0.11 

±130 

±8 

±2 

±0.006 

0-2 

4.92 

5.55 

15.3 

86 

20 

0.118 

Mi— 

±0.15 

±17 

±9 

±2.2 

±0.0"8 

0-3 

5.24 

8.09 

1500 

92 

18.5 

0.097 

±0.10 

±130 

±8 

±1.8 

±0.005 

0-2 

4.98 

145 

8.1 

17.8 

0.150 

NI* 

±0.15 

±10 

±9 

±1.9 

±0.i»i9 

0-3 

5.34 



11GO 

92 

17.1 

0.103 

±0.11 

±130 

±42 

±2.2 

±0.006 

(BxVd.  i»  oscillation  parameter  of  the  nucleus,  obtained  with  a hydrody- 
namical  model. 


FIG.  5.  Analysis  of  E3  transitions  by  the  model-independent  method. 
Straight  lines:  1 -Ni3*  (the  data  and  straight  line  have  been  raised  by  0.5) 
» 3— Ni®*  (the  data  and  straight  line  have  been  lowered  by  0 5) 
Points;  0—130  MeV,  #—225  MeV. 


FIG.  4.  Form  factors  for  E3  transitions  in  the  isotopes  Ni3s  (the  ex- 
perimental data  and  curve  are  multiplied  by  10),  Ni*0,  Ni**  (the  experi- 
mental data  and  curve  are  divided  by  10).  The  solid  curves  represent  the 
form  factor  calculated  by  Helm’s  model  with  X * 3,  and  the  dashed  curves 
the  form  factor  calculated  by  the  same  model  for  X * 2 and  X ■ 4.  Points: 
O and  O— our  data  for  150  and  225  MeV,  A— Stanford  data  [*  ] , X— Yale 
data  ( 10  ] . 
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See  paper  for  summary  of  other  data. 


FMF 


1 M? 


FIG.  2.  Giant-resonance  form  factor  u a function  of  momentum 
transfer.  Points:  O— data  for  Ni**,  X— for  Ni*4 , □— for  Ni54.  The  dashed 
curve,  curve  1 , and  the  dot-dash  curve  were  calculated  from  formula  (2) 
for  the  nuclei  Ni1*'**'*4  respectively,  with  1c  * 19  MeV.  Curve  3 was 
calculated  from  the  same  formula  for  Ni**  with  It  - 21  MeV.  Curve  2 is 
a calculation  according  to  the  GoldhabeT-Teller  collective  model. 
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FIG.  3.  Energy  spccfeiof  electrons  ineiastically  scattered  by  the 
isotopes  Ni44**0*54.  Ail  three  spectra  were  measured  at  the  same  value 
of  momentum  transfer. 
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cm  at  16.  2 MeV. 


Rif.  1.  Yield  of  reastian* 
p)Cc63  (A)  aad 
Cr53(r,  p)u52  (3)  near  the 
threshold,  averaged  over  S 
in  the  interval  10  - 100  kJv 
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Rig.  3.  Yield  of  reaction  Ni61*(Y,  p)Co53 
in  the  region  2^ a » 16.70  MeV:  a . suanary 
data  obtained  during  one  month;  b - result* 
of  one  cycle  of  measurements. 


Rig.  2.  Yield  of  reaction  HiSi*(v.  tj)Co53. 
in  the  region  E =■  16.35  MeV. 
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The  yields  of  (y,  p)  reactions  on  °Ni,  “Ni,  end  aCr  are  studied  in  ranges  of  E^...  near  the  respective 
thresholds.  Considerable  differences  are  found  between  the  curve  shapes,  yields,  and  observed  thresholds  for 
the  Ni  isotopes  and  J1Cr. 


E7m«.M.V  Ermmx.MeV 

FIG.  5.  Yield  of  "Nify,  p)63Co  in  the  region  of  By  m3X  =*  1 6.3S  MeV 
(a);  yield  of  ‘‘NKy,  p)63Co  in  the  region  of  By  max  = 16-10  MeV  (b). 


FIG.  3.  Yields  of  the  reactions  53Cr<7,  p)5lV  (curve  1),  ^Nify,  p)43Co 
(curve  2),  and  6JNi(y,  p)6lCo  (curve  3)  as  functions  of  By  max-  Lowest 
scale  for  **Ni(y,  p);  middle  scale  for  4JNi(7,  p)  and  i3Cr(7,  p). 
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New  data  are  presented  on  the  photodisintegration  of  the  enriched  isotopes  !,Ni  and  MNi  under  bombardment 
by  photons  with  maximum  energy  4.5  GeV.  The  isotope  effect  in  photonuclear  reactions  with  formation  of 
residual  nuclei  is  investigated.  The  experimental  yield  values  are  compared  with  theoretical  calculations  by 
Rudstam's  formula.  In  the  results  we  observe  a systematic  shift  of  the  experimental  disintegration  yields  in 
comparison  to  the  calculated  values.  An  exponential  dependence  is  found  for  the  ratios  of  the  yields  of  the 
residual  nuclei  from  the  5,Ni  target  to  the  yields  of  the  same  nuclei  from  MNi  as  a function  of  the  third 
projection  of  the  isotopic  spin  of  the  product  nucleus,  and  an  exponential  dependence  is  found  for  the  ratios  of 
the  experimental  yield  values  to  the  theoretical  values  as  a function  of  the  difference  of  the  third  projections  of 
the  isotopic  spins  of  the  target  nuclei  and  the  residual  nuclei. 


999=4.5  GEV 


PACS  numbers:  25.20.  +•  y,  27.50.  + e 


mb 


FIG.  1.  Distributions  of  independent  yields  of  Co  residual 
nuclei  in  mass  number.  The  solid  curve  is  a calculation  with 
Eq.  ( 1 ).  and  the  dashed  curve  has  been  drawn  from  the  experi- 
mental points. 


FIG.  2.  Charge-dispersion  curves  of  residual  nuclei  from  tar- 
* gets  of  58Ni  ( a ) and  s<Ni  ( b ) . 

(R  EV.  7-1  4-641 
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FIG.  3.  Ratio  of  yields  of  identical  residual  nuclei  from  two 
isotopes  of  the  target  nuclei  as  a function  of  the  third  projec- 
tion of  the  isotopic  spins  of  the  residual  nuclei.  Curve  1 is  the 
function  15  exp  (-f5),  and  curve  2 is  calculated  with  Eq.  ( 1 ). 
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COPPER 

1=29 


Copper  was  probably  discovered  about  8000  B.C.  by  Neolithic 
man  during  the  late  stone  age.  Crude  hammers,  knives,  and 
other  utensils  were  created  from  this  malleable  metal.  The 
early  age  of  copper  had  its  greatest  development  in  Egypt 
where  records  show  that  mining,  extracting,  and  refining 
of  copper  ws  done  on  the  Sinai  peninsula.  Copper  was 
produced  extensively  about  3000  B.C.  on  the  island  of  Cyprus 
and  supplied  most  of  the  Roman  needs  for  the  metal.  The 
ore  was  known  as  aes  cyprium  (ore  of  Cyprus),  this  was  shortened 
to  cyprium  and  later  corrupted  to  cuprum.  From  this  comes 
the  English  name  copper. 
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Fig.  3.  Scattered  photon  flux. 
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counting  and  effective  a Li  = 7*75 
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[Mem.  of  Un.  Kyoto  19^  (19^9)]). 
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4-40 


Detector  at  120  . 

Cross  sections  given  here  are  1 3$  too 
high  due  to  erroneous  cos  3 factor  in 
denominator  of  Eq.  5.  [See  footnote 
8 in  Phys.  Rev.  106,  993  (1957)]. 


F:g.  5.  The  elastic  scatterme  cross  sections  for  NTi  and  Cu.  The 
point  at  17  6 Mev  is  that  of  Steams.*  The  solid  curve  superim- 
posed on  the  Cu  data  is  the  scatterim?  cross  section  calculated 
from  the  dispersion  relation  by  substituting  for  ^(E)  in  Eq.  i.7i 
the  -.rt'  cross  section'-  multiplied  by  -he  ratio  of  the  total 
■ article  yield  to  the  neutron  vielu.  * The  or»en  arcies  on  the  ver- 
tical axes  >Q<iicate  the  magnitude  >;  the  Thomson  cross  section 
for  Z free  protons  scatterine  coherently. 
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(Y,xn) 


14.8 

17.6 


Average  Li  cross  section  is  mb; 
cross  section  with  detector  response 
weighted  for  low  energy  neutrons^4( 
Assumed  ratio  17.6/14.8  = 1.7* 
Calculated  cross  section  at  14.8  and 
17.6  MeV  assuming  cross  section 
curves  measured  at  Pennsylvania  and 
Saskatchewan  (refer  Table  i). 


Tadue  I.  Cross  sections  for  photoncutron  emission  induced  by  the  lithium  gamma  rays.  The  results  are  compared  with  previous  data. 
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• See  reference  3. 

Avarair#  1 4 8-  Anri  17.6-Mev 
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• See  reference  24. 

« R.  Nathans.  Ph.D.  thesis.  University  of  Pennsylvania.  1954  (unpublished). 

• J.  Halncm  (private  communication). 

1 See  reference  23. 

• Separate* cross  sections  at  14.8  and  17.6  Mev  as  obtained  from  Grnuo  A data  and  14.8/17.6  betatron  cross-section  ratios. 
‘Obtained  usin?  14.8/17.6  cross-section  ratio  from  Pcnn3yi vania  betatron  data. 

■ Obtained  using  14.3/17.6  cross-section  ratio  from  Saskatchewan  betatron  data. 
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Yields  relative  to  (G,N)  yields, 
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Detected  activity  of  tritium.  Yields  are  relative  to  s3Cu(Y,n). 
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*7exp  X 105 

TJtheor  * 104 

A 1 

18.2  - 0.2 

34  i 2 

31 

Co 

16.5  ± 0.3 

7 ±2 

5 

«Cu 

«Cu 

16.2  ± 0.3\ 
15.1  a-  0.3/ 

6 x 2 

4 

t07Ag 

10»Ag 

13.9  - 0.6) 
13.1  ± 0.6/ 

6.5  x l 

0.4 

The  table  shows  the  calculated  yield  ratios  (according  to  statistical  theory)  as  well 
as  the  measured  relative  yield 

n = /o31  ltaV  *v(£y)  0'*'  fy.t)Er  dEyl /031  iIaV  A T(Ey)  o<“Cu)  (y,t)  Ey  dEy 

taking  the  (y.  n)  yield  on  63Cu  as  unity.  The  good  agreement  between  the  experimental 
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J.  B.  Bellicard,  J.  Miller  and  C.  Tzara 
J.  Phys.  Radium  18,  201  (1957) 


Cu 


29 


method 


REF.  NO. 

57  Be  1 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.G 

ABX 

13  - 21 

C 18-22 

ACT- I 

90 

Used  activity  induced  in  Cu  to  detect  photons  scattered  by  Cu. 


T Gj  f to  3 a.1 


Fic.  3.  — Courbo  l . section  efllcace. 

En  grise  : zone  d’imprccision. 

Courbo  2 : section  cfficacc  deduite  do  la  relation  do 
dispersion. 

Points  3 : resultats  deJFuller  et  Hayward. 
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ELEM.  SYM. 

Cu 


REF.  NO. 

57  Bo  1 


29 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G , A 

SPC 

THR  - 30 

c 31 

EMU-D  5-15 

DST 

Yield  per  milligram  per  roentgen  Cu  0.86,  Ni  0.99,  A1  1.15  for  30.5  MeV  bremsstrahlung . 
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A 


Z 


Method  MeV  betatron;  neutron  yield;  angular  distribution;  threshold 

20  27 

detector,  Si1-  (n,  p)Al  reaction. 


Cu 
Ref.  No. 

57  Fe  1 


29 


EGF 


Reaction 


E or  AE 


E 


Cu(y,  n.' ) 


Bremss. 

15-31 


o 


<7d  E 


J ” 


Notes 


Data  not  clear  but  probably  normal- 
ized at  50  MeV. 


<Cu>  k 

1 

1 

■‘’Cu  (T.n)*^u 

JCutr.nljji 

1 

1 

1 

. * 

/ 

/ 

/ 

/ 

/ 

* > 
/ 

5 X 

* 

/ 

/ 

r ^ 

/ 

^?*Cu<Y.nO>  | 

,MCu(  r.no)  ."tu  < T.2n> 
“Cu(t.2">  J._  , 

1 Bitotron  €n*<vy 

r TT “3 

( M*V) 

Fie.  ;*>. 


1 

r — 

i 

,1/ 

II 

1 J |,  . 

■ 1 

* 

♦ 

r4 

T?* 

♦ 

♦ 

JO  I* 

33 

__L 

% 

90  K 

MWfiW 

0 

WWOer  tf 

Fip.  9. 
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58  As  1 


29 


Method 


Betatron;  angular  distribution;  scintillator;  ionization  chamber 


EH 


Reaction 


E or  A E 


ad  E 


J rr 


Notes 


Angular  distribution  is  of  form, 
. • 

a + b sin  a 
where  b/a  = 0.17±0.06 


Cu(7,n) 


Bremss, 

17 


12- 

j 

7 0- 

— 

/ 

/ 

V 

* 

f > it  - 6- 

— - o ’ 2; 

Beryllium  9r 

Coooer 

► a- 

0*0*  30  50*  70*  90*  ‘0*  30*  50*  1 70* 

0*  0*  30*  50*  70*  90*  -'01'  XT  < 50*1 70* 

j-  . ^ | JO- 

. J 

° 9 

9 Siur-o^ 

\ 

/ H • 

0*  0*  JO*  50  ’ /o*  90*  i <0*  1 JO* ■ 50*  1 ?o‘ 


o’oJ  50*  504  ;0'90*  ■■"oI'»0"  uf-nf 


Fnc  b. 
type  s 


Tnr  angular  distributions  of  photo-neutrons  as  measured  with  Emmerich  outton 
nntillation  detector. 


E^cfg y 

Present  (17  Mev) 
Dixon  1 70  Mev » 
Hal  pern  70  Mev) 
Pries  22  Mev  i 
Johanaon  © Mevi 


Table  I The  values  of  b 
Target 


nucleus 

Pb 


l.or0.8 
0. 36 1 0.29 


0 17-0  06 
0 23-0.  15 


0.30-0.11 

uniform 


0.84 
0 3 


Be 

1.29-0  S3 
1.2±0.4 

1.26x0.11 

• uniform 

15 


Detector 

Emmerich* 

Homyak* 

Emmerich* 

Al  a.  Pf 
Homyak* 


a>  A scintillation  detector  with  a ZnS  pararfin-Lucite  light'  guide 

b)  A scintillation  detector  with  a ZnS-Lucite. 

c)  A fast  neutron  detector  by  measuring  the  beta  activity  of  Al**  it.  p Mg**  reaction. 
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Ref.  No. 

58  To  2 
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Reaction 


E or  A E 
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J it 


Notes 


Cu(7,a) 


Bremss. 

22 
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Method  ^2  MeV  betatron;  pair  spectrometer;  absorption  measurement; 
ionization  chamber 


Ref.  No. 

58  Zi  1 


EH 


Reaction 


E or  A E 


Sa 


dE 


J w 


Notes 


Cu(nt) 


Bremss. 

•30 


li-20±80  MeV-mb 
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METHOD 


Barber  and  W.  D.  George 

Rev.  116,  1551  (1959) 


Cu 


29 


REF.  NO. 


[Page  1 of  2] 


59  3a  3 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E.N 

ABY 

THR  - 36 

D 10-36 

BF3-1 

API 

I-.c.  4.  Neutron  yUv:  curve  a.-,  a 'i.r.cdr.n  I:.;;:..!  tac::..::  er.ergj 
»ur  u niiiari**  Cu  U.i0b-rati*ui,;o.4-icr.^ia  mick. 


5.0  . i0‘4 


rcicr  lo  L.ic  lu**.  curve  «*v  «.*ic  »r.v_iCivCL.  c..v. •>co. 


2 5 » ;o 
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Cu 
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METHOO 


[Page  2 of  2] 


REF.  NO. 

59  Ba  3 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

. f/i  f'v.";! r*»n » j elec**. ro:*  as  ;;  of 

Ca  target  •O.IuS  radiation  lengt;; ;. 
.d  ..ae  to  pkoLodis.NLeL'ralion  only.  Plotted  al=o 
ij  -."r.iii.  ...  . brown  . reference  19/  ;.,r  Cu'4. 


50 


25- 


! • : i : \ 

i i I.  : . ; ; 

1 i 

| COPPER 

r ; 

i ! ! , i 

| ' ! ; 

j ; 

! i 

1 i 

■ ; 

! 1 i ! 1 i i 

, 1 ! ! 1 

L 

■ o .6  20  22  24  26  26  20  22 

Photon  energy  ;mevi 

:o.  .i  section  tor  Lac  reae'ttur.  as  a 

. -nct-GU  o.  pnoton  energy  fur  Ca. 


100  « i0‘- 


ONE  rao:aT;C.\  lE.ngth 
~ TARGETS 

E0  * 34.2  M£v 

• EXPERIMENTAL  PC. NTS 
- • POINTS 


2 


N0RMALIZA7I0»\- 

POINT 


T.LBr.o  f.  Thicknesses  of  the  t 
yviia  the  exception  of  heavy  wat. 
in  their  naturallv-occurri-.  • . 


e::;,e.-:~er. 


Keavv  water 
lie 

c-r 

A!-C 
C.t- ■ 

Ca-: 

Cu-lf 

Ca-;i[ 

Cu-I\' 

Ta-C 

Po-r 

Pb-IH 

rs-irt 

Pb-IY 

p;,-v[ 

c-r 

U-II 

c-rrr 

Concrete 


11. y) 

Jy.t) 


’..'.or 

:s.s 


er.  -.a 


1. 19 


20  40  60 

ATOMIC  NUMBER 


60 

Z • 


100 


FOB 
(R  E' 
USC 


Ih-  Experimental  anri  expected  vie!. Id  of  nectr.jns  i.er 
■"•ci  • ...  olecir..;;  for  l-rndiuiior.-lcngth  targets  at  o4..5  .Mev,  a, 
ar.ctti e*.  ot  atv.nv.c  r. ar.'.oer  /..  i ;;e  experimental  v!c.d->  '..ere 
'**  Li.m.ei.  ny  civ;.. mg  Lite  n'.easureei  yields  irom  the  target.  labeled 
i :.y  ti.e  actual  target  thicknesses  listed  in  Table  I.  The  expected 
f ields  were  ca.icuiai.eu  *ro;n  expression 
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REF.  NO. 

59  Pe  5 


JOC 


A.  S.  Penfold  and  E.  L.  Garwin 
Phys.  Rev.  116,  120  (1959) 


METHOD 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

- ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.G 

ABX 

19  - 61 

C 19-61 

NAI-D 

135 

<5 

% 


»„(M«.I 


Fig.  4.  The  scattering  cross  section  for  Cu  at  US’.  The  data  is 
for  irradiations  at  bremsstrahlung  energies  of  28  and  38  Mev. 
The  cross  sections  are  for  mixed  elastic  and  inelastic  scat.ering 
as  defined  by  Eq.  (15)  in  the  text.  The  solid  curve  is  a predicted 
cross  section  (see  text  for  details). 
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Cu 


Ref.  No. 

60  Ch  1 


29 


Method 


90  MeV  Bremsstrahlung;  scintillator  counter  telescope. 


JHH 


Reaction 


E or  AE 


ad  E 


J 


Notes 


Cu(Y>p) 
Cu  (Y#d) 

Cu(Y,t) 


Iruivroas  of  en«e>-  1S.S-30  d*v  - (unc- 
c >ei0>t  A.  The  solid  cnnro  shews  The 
d»*n  ov  Eq.  (2).  zrbitrmnlv  normalized 




— — x _____ 



1 

■3  K 4 

TABLE  I 

Element 

100 N,:Nd  j|  Element 

1 

!j  EI.m, 

100, \'i  \ j E,„m 

100AJ,  V(1 

Li4 

Lr 

Be 

r 

30xj  | a 
^.5x3.5;;  Si 
!3xj.6,  S 



39x8  Ni 

10-  4 j Co 

»:'>  ! La  | 

l| 

10x4  !n 

-•*  1 Ta 

- ! Au 

5x2.5 

10x4 

3x3 

S-1  «A3> 


-418 

;s.  s*se-P«3 


Energy  Range  of  particles  detected: 
Bd  - 15.5-30  MeV 

2p  - 15.5-30  MeV 

S - 17-30  MeV 

Ratios: 

cj(Y,d)/a(Y,p)h  a£  e „ 9QO 
«(Y,t  )/$(?,  d) 


YIEI,D  DATA  TABLE: 

It  should  be  noted  that  the  yield  of  photoprotons 
of  the  energy  considered  rises  smoothly  with  Z 
for  the  elements  plotted  in  Fig.  3,  and  that  start- 
ing already  with  Al,  no  direct  proportionality  to 
Z is  observed  on  account  of  the  effect  of  the  Cou- 
lomb barrier.  For  illustration,  we  give  the  yields 
of  photoprotons  Y (y,  p)  per  proton  in  the  nucleus 
for  several  elements  in  relative  units  (the  error 
in  these  measurements  was  estimated  to  be  ±10%): 


Li* 

1.49 


Li’ 

1.57 


Be 

1.5 


1.31 


Al 

1.00 


Cu 

0.56 
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Metnod  Betatron;  photon  difference;  beam  passes  through  one  target  surrounded 

ky^P^oton  (proportional)  counters,  continues  to  second  target  surrounded  bv 
BiU-lmed  neutron  counters.  y 


Ret.  No. 


60  Gh  2 


JH 


Reaction 


E or  A E 


s 


crd  E 


J rt 


Notes 


(y,n) 


(y,p) 


8. 3-20. £ 


■ 19MeV 


<j~  = 23mb 

max 

Order-of-magnitude  agreement  between 
measuring  S~(y,  p)/^"(y,  n)  [reciprocal 
of  data  in  Figure  8]  and  compound 
nucleus  calculation  [Cu  column  in 
Table  II].  av 


Table  II.  Calculated  ratios  of  photoproton  to 
photoneutron  cross  sections. 


Ey  (Mev) 

Al" 

Cu“ 

Ca*‘ 

Cu*' 

12 

0.20 

0.14 

13  . 

0.16 

0.014 

0.11 

14 

0.83 

0.16 

0.017 

0.11 

IS 

0.54 

0.16 

0.021 

0.12 

16 

0.44 

0.18 

0.026 

0.13 

17 

0.39 

0.19 

0.032 

0.14 

18 

0.35 

0.22 

0.038 

0.17 

19 

0.32 

0.24 

0.046 

0.18 

20 

0.30 

0.26 

0.053 

0.20 

21 

0.28 

0.29 

0.062 

0.22 

22 

0.27 

0.29 

0.072 

0.23 

'2| 

| 

1 

10  h 

1 1 1 ““ 1 1 I 

COPPER 

~ 7 — 

NEUTRON  / PROTON 

3h 

TIEIO  RATIO 

1 

6r- 
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. 1 ■ i ■ < 

V 

/ 

4 j- 
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oi L 

i • 

« 14  IS  IS  20 22 

BETATRON  ENERGY  (M«v) 

nhotoneutron  to  photoproton  yield  ratio  for  copper 
as  a Junction  of  betatron  energy. 


Fig.  10.  The  photoproton  cross  section  for  copper  as  a 
fun.ction  of  photon  energy. 
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METHOD 


Synchrotron;  deutron  spectrum,  yield;  nuclear  emulsion 


REF.  NO. 

60  Ko  k 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE  . 

TYPE  RANGE 

TYPE  RANGE 

G,D 

RLY 

15-35 

c 70 

EMU-D 

DST 

Relative  yields: 

k < Ed  < 10  MeV,  = 0.07±0.04 

3 < E , < 10  MeV,  3'fe^'V  s 0.08±0.04 
d Y(7,P) 


cm  / • 


f :g.  i Radius  01  curvature  versus  par:  cic  r ..-.gc  crruision  and  die  'error  zones'. 
The  points  indicate  the  results  01  the  ...eaiurcmc.;:*. 


Fig.  3.  Photodcuteron  en- 
ergy distribution. 
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Method 


y'e  free  F^(p»c*Y)  reaction;  proton*  £rca  VandeGraaff;  Sal 


Ref.  No. 

60  Re  1 


JHH 


Reaction 


E or  AE 


s 


ad  E 


J rr 


Notes 


(7,7) 


K - 2.05 
¥ 


K - 2.40 

9 


6.9 


7.1 


1/2 

3/2 

5/2 


(o>=  0.57  ± 0.06  mb 

D (average  level  spacing  based  on  j) 

58  ± 48  kev 
29  ± 2k  kev 
19  ± 16  kev 

f /f  = 0.15  ± 0.1 

7<y  y 

Ty  = 2.5  ± 1.9  eV 

f , = 0.4-  ± 0.2  eV 
yo 

<<J>  = O.38  ± 0.06  mb 


<a>  = 0.31  ± 0.07  mb 


<5>  =0.63  ± 0.14  mb 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


FORM  NBS-418 
(8-1-S3) 

USCOMM-OC  185S6-PS3 


PH0T0NUCLEAR  DATA  SHEET  244 


PHOTONOCLEAfif  DATA  SHEET  2^5 


EL  EM.  SVM.  i m 


^r,  K.G.  McNeill 
Car.  Ptiys.  ^ 1158(1961) 


betatron;  fast  neutron  yield;  angular  distribution; 
threshold  detectors;  ion  chamber 


A1  and  Si 


Cu 

REF.  NO. 

61  Ba  2 


29 


NVB 


REACTION 

RESUCT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

angCe 

TYPE  RANGE 

TYPE  NANCE* 

G,XN 

ABY 

THR-22 

C 22 

THR-I  3-+ 

DST 

G,XN 

ABY 

THR-22 

C 22 

THE.- 1 5-+ 

DST 

In  Tables  2 and  14: 

a = average  cross  section  of  detector 


* "3-+"  is  the  detector  range  of 
Aluminum  and  "5-+"  of  Silicon. 


weighted  with  neutron  spectrum 


$ = neutrons/lOO  roentgen/mole 

CO 

w(0)  S aoy  (1  + An  Pa  (cos  6)  ] 
n=l 


TABLE  II 


Normalized  yields  for  aluminum  detectors 


Al(«,ir)  reaction 

Al(n,p)  reactions 

Element 

30” 

90*  150* 

a»  30* 

60*  90s  at 

«i 

(ff*)*Xi0» 

Bismuth 

399 

567  ±130  020 

541  ±85  3632 

5139  ±290  3168  43G6±185 

0.06  ±0.00 

—0.35  ±0.1 

17.76 

478 

423±130  641 

484  ±85  2562 

5353  ±290  2955  4144±185 

—0.05  ±0.06 

-0.53  ±0.1 

16.87 

Lead 

426 

312±120  725 

421j±77  3123“ 

5754  ±260  3154  4591  ±166 

—0.004  ±0.05 

— 0.51±0.07 

18.68 

Tantalum 

378 

3G7±190  CSS 

441  ±122  2757 

3024  ±425  2088  2757  ±275 

0. 14±0.)4 

— 0.19±0.17 

11.22 

Lanthanum 

208 

222  ±110  330 

243  ±70  2139 

3371  ±250  ' 1891  2768±1G0 

0.05  ±0.07 

—0.43  ±0.10 

11.27 

Arsenic 

77 

1C0±50  108 

97  ±32  788 

937  ±115  764  865  ±74 

0.02±0. 11 

— 0.16±0.14 

3.52 

Copper 

13 

65  ±30  70 

55  ±20  710 

748±70  569  700  ±45 

0. 11  ±0.08 

—0. 14±0. 11 

2.85 

•(44>)  — S.OTXlO'at  mCUbam-neutron. 

TABLE  IV 

I 

II 

III 

IV  . 

V 

VI 

VI! 

Element 

at 

a i 

' at  (**)X  10»*  4w(22Mev)X10* 

Vanadium 

245(1  ±0.00) 

0.01±0.08 

-o.co±o.io 

6.05 

0.21 

0.12 

Chromium 

1G4(1±0.03) 

0.04  ±0.04 

— 0.05±0.05 

4.05 

0.17 

0.10 

Manganese 

303(1±0.02) 

0.07  ±0.03 

—0.09  ±0.04- 

7.61 

0.25 

0.12 

Iron 

200(1  ±0.03) 

0.05±0.04 

-0. 17±0.05 

4.94 

0.18 

0.11 

Cobalt 

390(1  ±0.02) 

0.08±0.03 

— 0.22±0.04 

9.03 

0.20 

0.15 

Nickel 

145(1±0.05) 

0.07  ±0.07 

-0.23  ±0.09 

3.58 

0.12 

0.12 

Cooocr 

347(1  ±0.02) 

0.05  ±0.03 

-0.29  ±0.04 

8.57 

0.30 

0.12 

Arsenic 

482(1±0.03) 

0. 11  ±0.04 

— 0.24±0.05 

11.91 

0.33 

0.15 

Rubidium 

638(1±0.05) 

0. 13±0.0G 

—0. 14±0.08 

15.76 

Strontium 

409(1±0.05) 

0.10±0.0C 

— 0.17±0.08 

10.10 

Yttrium 

290(1  ±0.10) 

0.08  ±0.12 

—0. 12±0. 15 

7.16 

Silver 

590(1±0.04) 

0:10±0.06 

— 0.22±0.08 

14.57 

0.87 

0.07 

Cadmium 

905  (1  ±0.02) 

0.02  ±0.02 

-0.26  ±0.03 

22.35 

Iodine 

1133(1 -.0.03) 

0 . 04  ±0 . 04 

-0.29  ±0.05 

27.99 

1.42 

0.08 

Barium 

1048(1  04) 

0.10±O.OG 

—0.38  ±0.08 

25.89 

Lanthanum 

1595(1±0.02) 

0.02  ±0.03 

-0.42  ±0.04 

39.40 

1.04 

0.15 

Cerium 

1316(l±0.05) 

0.05±0.30 

— 0.39±0.08 

32.50 

Dysprosium 

1652(1  ±0.03) 

0.04±0. 10 

-0.34  ±0.13 

40.80 

Tantalum 

1558(1  ±0.02) 

0.04±0.03 

-0.22  ±0.04 

38.48 

2.50 

0.06 

Tungsten 

1365(1  ±0.02) 

-0.07  ±0.03 

-0.24  ±0.04 

33.71 

Mercury 

1345(1  ±0.02) 

0.04  ±0.03 

-0.31=0.04 

33.22 

Lead 

2274  Cl ±0.01 ) 

0.02  ±0.02 

-0.42  ±0.03 

56.17 

2.72 

0.08 

Bismuth 

2162(1  ±0.02) 

0.05±0.03 

-0.45  ±0.04 

53.40 

3.36 

0.00 

Thorium 

3031  (1  ±0.04) 

0. 06  ±0.05 

—0.32  ±0.07 

74.87 

Uranium 

4630(1  ±0.02) 

0.05±0.03 

—0. 17  ±0.04 

114.36 

•(*$)  « 2.47X10’  «•  jnflllbaru-ncutron.  Errors  are  standard  errors  due  to  counting  statistics  only. 
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Tableau  5 

Resultats  expenmencaux 


Elements  '7,°l 

No  (MeV)  Me  V b»* 


'Tint 

0 1 MSZ'-A 


y p 


Cu 

La 

r I 140 
Ce  . 

1 142 

Ta  181 

Au  197 
20 6 
Pb  207 
208 
Bt  209 


8 17  —0.5  0 45  — 0 015  0 47  — 0,015 
7 15  6 — 0.5  1.91-0  03  1)94  — 0.015 


8 15.6  — 0.  5 1..88  — <•  o3 
2 .97  — 0 05 


9 13  -0. 

16.3—0  i 
10  14.2±0.5  3.00-0.05 


0 92-0  Ole 

1 13-0.02 


8 84)  1 
| 9 05  1 
I 7.15' 


8.50  1 

9.50  ‘ 


14.25 '*)  14.90 '») 

14.1  14) 

14  3 “) 

13.84  '*)  13.47  1*) 


11  13.8^0.; 

12  14.0-0.; 
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1 6 9 '*>  8 4 '*1  15.0  '*)  14.2  '*) 
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Table  1 

Summary  of  present  experimental  data  at  34  MeV  bremsstrahlung 


Element 

_ fs 

«• 

ax 

a* 

«Be 

0.43  ±0.02 

0.05  ±0.01 

.c 

0.61  ±0.04 

0.09  ±0.02 

i jAl 

0.39±0.03 

0.05  ±0.01 

,,Ti 

0.34±0.02 

0.06  ±0.01 

wCr 

34  MeV 

0.33  ±0.02 

0.02±0.0: 

22  MeV 

0.1 3 ±0.07 

-0.02-0.0: 

„Cu 

0.36±0.02 

0. 10±0  0 

MSn 

0.38±0.02 

0.11  — o.o; 

i,Ba 

0.39±0.03 

o.i  i ±oo: 

?*Ta 

Before  installation  of  iron  shielding 

0.26  ±0.04 

o.  i3±oo: 

After  installation  of  iron  shielding 

0.27±0.02 

0. 1 2 ±0.01 

«Pb 

target  diameter  3.0  cm 

0.39±0.03 

o.i5±o.o: 

target  diameter  l.s  cm 

0.40±0.03 

o.i9±o.o: 

ssBi 

0.42  ±0.03 

o.i7±o.o: 

• ir,-L-ax  cos  9+a,  cos'  8 
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G.  Baciu,  A.  Bonazzola,  B.  Minetti,  C.  Molino, 
and  G.  Piragino 
Rev.  Roum.  Phys.  2 5 977  (1964) 

METHOO 


L.  Pasqualini 


Cu 


REF,  NO. 


29 


64  Ba  4 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

.ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.XN 

ABX 

10-27 

C 10-  27 

BF3-I 

’ 4PI 

65  BA 3 SAME  DATA 


FiH  - 1 (*f,  Ti»|  fur  C.u  of  natural  isolopic  abundance.  The  circles 
represent  I hr  value  fur  a ( y,2n)  calculated  (for  a = (1.5  MeV-*)  in  l lie 
ap|iro\unal ion  that  a (y.  Tn)  for  natural  Cu  lias  the  same  averaned 
behaviour  as  fur  pure  isotopes  (sec  Fultr.  cl  al.  (IS]).'  The  dolled  line, 
represents  the  behaviour  of  <3  (y,  2n)  measured  by  Fultz  el  al. 
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REF. 

K.W.  Chen,-J.R.  Dunning, Jr.,  J.R.  Rees,  W.  Shlaer,  J.K.  Walker 
and  R.  Wilson 

Phys.  Rev.  JJ5,  4 £ B1030  (1964) 

EL  EM.  SYM. 

Cu 

A 

z 

29 

METHOD 

REF.  NO. 

64  Ch  1 

JOC 

REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,P 

ABX 

D 4 BEV 

MAG-D  110-450 

DST 

Table  I.  Cross  sections  for  production  of  protons  by  electee 

Electron 

target 

Energy 

angle 

(deg) 

4 BeV 

proton  energy 
(MeV) 

£ Pv/dUE 
10“a  cmJ/sr  Mi’, 

H 

59.8 

374 

3.8*  ~~ 

Lit 

59.3 

443 

0.082 

Li#  . 

59.8 

368 

0.175 

Lit 

59.8 

332 

0.280 

c 

59.8 

374 

0.425 

A1 

59.8 

374 

1.19 

H 

63.1 

291 

7.5* 

Li# 

63.1 

355 

0.146 

Li# 

63.1 

319 

0.204 

Lit 

63.1 

290 

0.313 

c 

63.1 

291 

1.01 

A1 

63.1 

291 

2.42 

H 

67.1 

208 

16* 

Li. 

67.1 

226 

0.6 

Lit 

67.1 

206 

0.92 

c 

67.1 

209 

2.37 

A1 

67.1 

209 

6.4 

H 

72.1 

124 

46* 

Li# 

72.1 

166 

1.20 

Li# 

72.1 

144 

1.53 

Li# 

72.1 

124 

2.46 

Li# 

72.1 

119 

2.80 

Li# 

72.1 

109 

2.90 

c 

72.1 

123 

6.6 

A1 

72.1 

124 

16.9 

Cu 

72.1 

124 

42.3 

H 

44.8 

291 

2.9* 

Li4 

44.8 

337 

0.16 

Li* 

44.8 

293 

0.29 

c 

44.8 

291 

0.76 

.41 

44.8 

291 

1.58 

H 

52.3 

208 

8.5* 

Li* 

52.3 

200 

0.91 

C 

52.3 

208 

2.13 

A1 

52.3 

208 

4.95 

H 

61.1 

124 

25* 

C 

61.1 

145 

3.95 

c 

61.1 

124 

5.75 

c 

61.1 

115 

6.43 

A1 

A1 

61.1 

61.1 

145 

124 

10.7 

16.0 

FlO.  4.  Cross  section,  divider!  by  A,  as  a fund  inn  «i  A , ;',,r  produc- 
ing protons  of  124  MeV  from  4-BeV  electrons  at  72.; J. 


* dr/da  in  mb/ir;  inside  a 5.5%  momentum  interval. 
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Mo  lino 


. Joi-i.  5.  Ferroni,  S.  Ferroni  and  C. 
Fhys.  Letters  L I . 324  ( 1964) 


Cu 


29 


Synchrotron;  C ( 'y' , n ) monitor 


RE".  NO. 

64  Co  2 


JOC 


R EACTICN 

result 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.XN 

ABY 

THR  - 30 

C 30 

BF3-1 

' 4 PI 

Element 


Table  1 


Yield  (36) 
eV  era2 
mol  MeV 


60  NZ/A 
(mb  MeV) 


30 

Z 

0 


80 

z 

0 


30  80 
Z/Z 
0 0 


£m 

(MeV) 


cm 

(mb) 


24Cr 

83  xlO"5 

777 

1.21 

2.1 

0.58 

18.5 

97 

25Mn 

108  xlO'5 

818 

1.52 

2.33 

0.65 

18.5 

114 

26Fa 

68  xlO'5 

832 

0.33 

1.46 

0.60 

17.5 

75 

27Co 

89  x 10*5 

378 

1.08 

1.82 

0.59 

17.5 

92 

2gNi 

44 x 10'5 

879 

0.55 

1.07 

0.51 

18.5 

56 

29Cu 

95  x 10"5 

947 

1.06 

1.99 

0.53 

17.5 

98 

33x 10~a 

975 

0.94 

1.63 

0.56 

17.5 

36 

31Ga 

130X 10"5 

1034 

1.29 

2.13 

0.59 

17.5 

151 

32Ga 

139 x 10-5 

1064 

1.35 

2.29 

0.59 

17.5 

153 

33^ 

137 x 10"5 

1109 

1.22 

2.13 

0.56 

17.5 

127 

30 

30 

a (y, xn)dE 

Table  2 

I = 

0 

.cxirr.um 

w {"7  n) 

0 

60  nz/a 

* 

iemeat 

yioid_  g.-CTt.) 

(x  10-=) 

x;  3 /:c 

ip ■ ■ rr  «T. 


3= 

0° 

. -Na 

12^3 

12^*1 

14Si 


6 

I t !*»»♦»  I 


f I I II  I If 


aa  a*  io 


7.;.  2.  Brerr.ss^rahlunsv/sightsdcrcss  sectior-s, 
~_*(Tny,  c cnvcm^ntly  no*i«ialaZ€cit  versus  2. 


24^* 


2SNi 

2q2.:i 

joGa 
■■ ' As 


4.0 

5.2 

13.5 
1C.0 
15.9 

11.5 
19.8 

9.5 

19 .5 

12.1 

36 

115 

71- 

94 

46 

102 

93 

140 

150 


3.54 
4.95 

11.50 
8.31 
13.92 
9.93 
17  ,wO 

3.55 
17.90 
11 .53 


-.12 

2.49 


2.30 

x ioO 

O OO 


»*x  .*■ 

72.2 

55.7 
93.5 

101.5 

99.8 
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REF‘  S.  C.  Fultz,  R.  L.  Bram'olett,  J.  T.  Caldwell,  R.  R.  Harvey 
Phys.  Rev.  j .JJ,  B1149  (1964) 


EL  EM.  SYM. 


Cu 


29 


METHOD 


Positron  Annihilation;  ion  chamber 


64  Fu  1 


nvo 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE  - 

TYPE  RANGE 

TYPE  RANGE 

G)N  532+ 

ABX 

9-28 

D 9-28 

BF3-  I 

4PI 

G.2N  5><*t 

ABX 

18-28 

D 18-  28 

BF3-I 

4PI 

532+ 

t0| - -■■■ 

K10.  2.  Mrtwurcd  cross  section*  for  (•>,*)  ami  (y,2»)  reactions  on 
natural  Cu.  Tlir  top  curve  was  olitaincil  from  single  neutron  count- 
ing 1 lata  ami  consists  of  o(y,n)-\ u(y,nf>),  Tlie  lower  curve  con- 
sists of  «(•),.’  11)  ami  was  oLituinrd  from  ilouMe-neutrou  counting 
data. 


i*  i«  i*  to  22  24 

PHOTON  ENERGY (MeV) 

Fio.  1.  Solid  curve  gives  the  avenge  of  data  points  of  the  total 
cross  section  [*(7,>»)+2*(7,2i»)+e(-y,(»^)]  for  natural  Cu.  The 
dashed  line  represents  the  total  cross  section  given  by  the  sum  of 
the  total  cross  sections  measured  for  Cu4*  and  Cu“  and  adjusted 
for  isotopic  abundances. 


Taiii.k  I.  Integrated  ( row  sections  up  to  28 
McV  for  c(»p|K*r  isnln|ics. 


Klcmcnt 

Kmclidii 

fnlr^ralctl 
rross  scriion 
(MrV-ml.) 

Fraction 
of  total 
iotc- 
grated 
cross 
section 

Total 

(McV-mli) 

Natural  Cu 

(v,«)  + (y,«P) 
ly,2n) 

52 5 ±52 
tlO±M 

0.67 

0.14 

(>,/>)* 

152±50 

0.19 

787±113 

Cu4* 

(7,«)+(T.»J>) 

+direct 

(7,2  n) 

(7 

(y,p)% 

ly.n) 

523  ±52 

S0±8 
115±20 
161  ±48 
344±34 

0.89 

0.11 

0.15 

0.21 

0.45 

direct6 

64±22 

0.08 

764±  09 

Cu“ 

(y,n)  + (y,np) 
(7,2  ») 

437  ±43 
195±  19 

0.57 

0.2S 

(7  ,py 

134-40 

0.18 

766±103 

• Calculated  from  evaporation  theory. 
b Estimated. 

• See  Ret.  20. 


20 

N.  V.  Lin  Kova,  R.M.  Osokina,  B.S.  Ratner, 
R.Sh. Amirov,  V.V.  Akindinov,  Zh.Eksp.  Teor. 
Fiz.  J8,  780  (I960);  JETP  U.,  566  (i960). 


FORM  NBS-418 
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Table  II.  Cross  section  for  Li  gamma  rays. 


Natural  Cu 

*(*/,«) 

(mb) 

Cu** 

<r(y,n) 

(mb) 

Cu** 

«{y ,«) 
(mb) 

Reference 

120±50 

ft 

55±  1 2 

52±11 

b 

48±8 

0 

85±15 

80±14 

d 

64±10 

60±9 

• 

38±6 

f 

64-4 

f 

59±6 

70±7 

b 

61±6 

55±6 

66±6 

Present 

work1 

• H.  Waffler  and  O.  Hirzel.  Helv.  Phys.  Acta  2S,  491  (1952). 

• See  Ref.  9. 

• H.  GIStti.  O.  Seippel.  and  P.  Stoll.  Helv.  Phys.  Acta  25.  491  (1952). 
■•See  Ref.  11. 

• See  Ref.  10. 

1 T.  Nakamura.  K.  Takamatsu.  K.  Fukunaga.  M.  Yata.  and  S.  Yasumi. 
J.  Phys.  Soc.  Japan  14.  693  (1959). 

«S.  Yasumi.  M.  Yau.  K.  Takamatsu.  A.  Masaike,  and  Y.  Masuda,  J. 
Phys.  Soc.  Japan  IS.  1913  (1960). 

• See  Ref.  IS. 

w‘ .<;a.lculateti  »”um>ne  that  the  ratio  of  intensities  for  the  17.6-  to  14.S- 
MeV  Li  gamma  rays  (s  2.1. 

9 

B.D.  McDaniel,  R.L.  Walker,  and  M.B.  Stearns, 
Phys.  Rev.  80,  807  (1950). 

^W«H.  Hartley,  W.E.  Stephens,  E.J.  Winhold, 
Phys.  Rev.  _104,  178  (1956). 

^J.H.  Carver  and  E.  Kondaiah,  Phil.  Mag.  45. 
988  (1954). 
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REF. 


Akira  Masaike 

J.  Phys.  Soc.  Japan  _12,  427  (1964) 


ELEM. SYM. 


Cu 


29 


METHOD 


REF.  NO. 

64  Ma  4 


egf 


REACTION 

RESULT 

EXCITATION 

SOURCE 

DETECTOR 

- 

ENERGY 

TYPE  RANGE 

TYPE  RANGE 

- ANGLE 

G,  XXX 

ABY 

150-720 

C 150-720 

ACT- 1 

• 4PI 

r— — —4 

r 

i 

\ 

— ■ 

Cu— CuM  RF.ACTtON 


r—  , 1 

1 f 


• cttc re  ^ r— 
cxnf^f 

♦ 0 /nr.  ffe  scr.Mlcftcr 

c-^’er 


00  200  jco  ^30  500  6c:  re:  e:o  sco 

MAX  9CSGY  CF  ef©f6STMHU;NG  .MEVi 


Fig.  8.  The  yield  curve  per  equivalent  quanta 
for  the  reaction  Cu-*Cu**. 


XXX=CU62  FINAL 


\ 

j 


I 


I 

i 
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1 


! 

J 
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REF. 

B.S.  Ratner 
Zhur.  Eksp. 
Soviet  Phys 


METHOO 


ELEM.  SYM.  A Z 


i Teoret.  Fiz.  46,  1157-1513  (1964) 
JETP  12,  783-86  (1964) 


Cu 

REF.  NO. 


29 


Synchrotron;  ion  chamber  monitor 


64  Ra  3 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE  - 

TYPE  RANGE 

TYPE  RANGE 

G,P 

ABX 

THR-27 

c 30 

SCI-I  5- 

DST 

FIG.  4.  Cross  section  for 
the  emission  of  photoprotons 
with  energy  <p  > 5 MeV  from 
copper.  Dashed  curve— cross 
section  of  a Ni“(y,  p)  reaction 
obtained  in  [10], 


mb  Cu 
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J.  A.  Scheer,  K.  Schlupmann  und  F.  Triantaf vllidis 
Nucl.  Phys.  56.  113-116  (1964) 


METHOO 

Betatron 


Cu 


29 


REF.  NO. 


64  Sc  1 


JOC 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

- ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G , A 

SPC 

THR  - 33 

C 33 

SCD  6- 14 

90 

ABS  YIELD 


Tabelle  1 

MeOdaten  und  Ergebrusse 


Ti 

Ni 

Cu 

Nb 

Targetdicke  (mg/cm1) 

2.08 

1.52 

9.90 

8.87 

Bestrahlungsdauer  (h) 

515 

55.5 

18.0 

84.5 

Registrierte  Teilchenanzahl 
(4g£,g  12.6  MeV) 

1861 

2376 

2333 

1987 

Lage  des  Maximums  der 

Energieverteilung  (MeV) 

6.4 

8.2 

8.5 

11 

Halbwertsbreite  des  Maximums  (MeV) 

2.8 

2.8 

4.0 

3.5 

Mittierer  Energieverlust 
im  Target  bei  £,  =»  (MeV) 

0.4 

0.25 

1.7 

1.1 

Ausbeute  in  /ib/MeV  ») 

22±3.5 

45  ±7 

23±3.5 

5.5  ±0.8 

•)  Vgl.  Berner  kung  »)  in  Tabeile  2. 


T abells  2 

Vergleich  der  Ergebnisse  verschiedener  Autoren 


£,(MeV) 

Ti 

Ni 

Cu 

Mb 

Ausbeute  (10*x  Vj/Mol.  r) 

Bouibgue 

31 

58.7 

50.8 

Diese  Arbeit ») 

32.5 

48  ±7 

98±15 

50+7.5 

12±  1.8 

Toms  und  McElhinney 

21.5 

39.4 

26 

4.6  ») 

Relative  Ausbeute 

Boutigue 

31 

1 

0.87 

Kregar  und  Povh 

30 

1 

0.54 

Diese  Arbeit 

32.5 

0.49±0.08 

1 

0.51  ±0.08 

0.12-^0.02 

Toms  und  McElhinney 

21.5 

1 

0.66 

0.12  ») 

»)  Die  Fehlerangaben  beinhalten  auch  die  Uasicherheit  in  der  Absoluteichung  der  Intensitat  des 
y-Strahies. 

»)  Dieser  Wert  wurde  aus  nur  14  beobachteten  Ereignissen  besummt. 


as. 

SOCktV 


:ooi 


ioo\- 


/l 


29  C« 

S3  mg /an1 
18.O  h 


x 


s 


L 


k 


9 


^0 


cS* 

dflaE 


0.4 


a.2 


0.1 


Abb.  1.  Die  erhaltenen  Energie-Spektren  der 
Photoalpha te iichen  aus  Ti,  Ni,  Cu  und  Nb. 
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J.  Shannon,  W.E.  Stephens,  J.S.  O'Connell 
Phys.  Rev.  134*  B 113* 17  (1964) 


METHOD 

Linac 


ELEM. SYM. 


Cu 


29 


REF.  NO. 

64  Sh  3 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE  ' 

TYPE  RANGE 

TYPE  RANGE 

G,D 

RLY 

15  - 40 

C 24- 40 

-I 

4P1 

Measured  ratio  of  HHD  to  HH  currents.  MASS  SPECTROMETER 


Table  III.  Observed  deuteron  to  proton 
ratios  for  various  exposures. 


Run 

Max.  brem. 
energy 

Observed  Y (y,D)/Y(y,p) 

I 

24 

<0.0016,  no  HHD*  observed 

II 

30 

<0.0003,  no  HHD*  observed 

in 

30 

<0.00014,  no  HHD*  observed 

IV 

40 

~0.0009 
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G.  Baciu,  G.  C.  Bonazzola,  B.  Minetti,  C.  Molino 
and  G.  Piragino 

Nuclear  Phys.  _67,  178  (1965) 

______ 


L.  Pasqualini 


EL  EM.  SYM. 


Cu 


29 


NBS  Monitor 


[Page  1 of  2] 


65  Ba  3 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

- ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G ,XN 

ABX 

THR  -28 

C 10-30 

BF3-I 

4PI 

Table  2 


Cross  sections  for  Co,  Ni,  Cu  and  Ga 


(MeV) 

(mb) 

(X  a(E)d£  (mb  • MeV) 
Jo 

Ref. 

Co" 

16.9 

130 

750(24) 

*) 

16.75  19 

110  103 

709(25) 

*) 

17.5 

68 

725  + 72(28) 

*) 

16.5  19 

82  80 

701  ±91  (29) 

i.) 

16.5  19 

72  74 

657±  89(28) 

this  work 

537±  34(24) 

this  work 

445  ±48(24) 

*) 

Ni 

16.5 

50 

340(24) 

,l) 

16.5 

46±1 

313±48(28) 

this  work 

276  ± 25 (24) 

this  work 

Ni" 

18.5 

60 

330(24) 

“) 

30 

180(24) 

20.5 

21 

160(24) 

“) 

19.0 

32 

220+  30(32) 

M) 

Ni" 

16.5 

85 

440(±20  %)(24) 

#) 

Cu 

19.5 

120 

870(20) 

*) 

904(27) 

“> 

17.2 

126 

930(27) 

“> 

17 

90 

450±  15(19,6) 

”> 

16.75 

71  ±7 

745-74(28) 

“) 

17.0 

36±2 

733±  105(28) 

this  work 

451  ±18(20) 

this  work 

Ga 

16.5 

1 15±3 

947  ±98(28) 

this  work 

am  is  the  peak  value  of  the  cross  section,  £*  is  the  peak  energy  and  d£  is  the  integrated  cross 

section.  The  upper  limit  of  the  integration  is  indicated  in  parentheses. 


*)  Value  obtained  subtracting  the  (y,  2n)  reaction  contribution  from  the  o(y,  Tn). 
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Fig.  2.  The  histograms  show  the  experimental  a-spectra.  The  solid  lines  are  the  calculated  evaporative 
spectra  corrected  for  target  self-absorption  and  normalized  to  the  maximum  of  the  experimental 

spectra. 


Table  1 

a yields  from  the  90°  data.  Yield  (per  mole  R) 


Elements 

Experimental 

Calculated  evaporative 

Cu 

(1  ±0.1)10* 

3.1  10* 

Ag 

(2.8  ±0.3)10* 

3.4  10* 

In 

(1.05±0.1  )10* 

3.05  10* 

Au 

(1.7  ±0.2)10* 

8.7 

Errors  in  experimental  yields  are  compounded  of  statistical  errors  and  errors  in  the  absolute  calibration 
of  the  beam. 
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Fig.  27.  Copper  total  photpajjriear  cross  section.  The  dashed 
ine  represents  the  <r(t,n ) cross  section  of  the  Livermore  group 
(Ref.  32)  used  with  the  right-hand  ordinate  scale. 


Fig.  28.  Copper  total  Dhotonuclear  cross  section 
integrated  over  energy. 
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Fig.  3.  Histogram  of  distribution  of  observed  resonances  among  the  different  targets.  The  atomic  number  is  given  directly  beneath 
the  chemical  symbol  followed  by  the  neutron  numbers  of  the  naturally  occurring  isotopes.  Magic  numbers  are  shown  in  brackets. 
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• High-energy  component  of  a complex  spectrum. 

• A broad  scattered  spectrum  with  no  observable  peak  structure. 

„„  J,hl are  actually  two  lines  of  energies  7.447  and  7.633  MeV  bavin* 
equal  mtensitiesm  the  iron  capture  gamma  spectrum.  The  cross  section 
ro,Tected’  although  there  is  no  possibility  at  present  (5 
deciding  which  line  is  responsible  for  each  resonance. 

raysonPTeb*bly  “ U,d*p'nQent  ‘*Yei>  the  complex  spectrum  of  Ni  T 

• Rough  estimate. 

1 h*  inelastic  component  from  7 .32*  level  in  Te. 
co'wmke^*1”  ‘nten-tie*  1®  this  case  are  due  to  Groshev  and 
‘ NnJIne  Is  known  for  the  source  at  thia  energy. 

Dldl cult  to  resolve  among  the  many  source  lines  present  tt  this  energy. 
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Table  1 


Experimental  data  and  results 


Element 

Mg 

A1 

S 

Ni 

Cu 

Zn 

Error  (%) 

target  thickness  (mg/cm*) 

0.81 

1.54 

0.80 

2.50 

2.68 

3.00 

5*) 

dose  (r) 

6190 

25400 

23200 

3880 

5840 

4220 

10 

yield  absolute  (10*/mole  • r) 
for  Em  > 3.16  MeV 

0.61 

0.93 

1.46 

1.65 

0.92 

2.42 

11  •) 

yield  relative  to  Ni 

0.36 

0.56 

0.88 

1 

0.55 

1.43 

5*) 

Yy,JYy<lat(%) 

9.6 

11.4 

12.4 

7.0 

3.2 

b) 

nuclear  temp.  6 (MeV) 

1.43 

1.48 

1.46 

1.04 

0.91 

10 

level  density  parameter  a 
(MeV-1) 

5.1 

4.8 

4.9 

8.6 

10.8 

10 

»)  For  S,  the  error  of  the  target  thickness  has  been  10  %,  of  the  absolute  yield  14  % and  of  the  relative  yield  10  %. 
b)  For  Zn  <ryi  ,ol  is  not  known. 


rig.  4.  Position  of  the  peaks  in  different  photoalpha  spectra  plotted  against  Z i 

. Scheer  et  at U°),  ■ : Kregar  and  Povh*).  A : Meneghetti  and  Vitale*),  ♦ : Erdbs  et  a/1) 

° ' Komar  e'a/  th,s  work‘  The  s'gns  ^ow  the  position  of  the  maximum,  the  bars  give  the 

widhs  at  half  maximum.  The  curve  shows  the  height  of  the  Coulomb  barrier 
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The  results  of  irradiation  of  Cu  are  listed  in  Table  II. 


Table  II 
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(.V/.Vp).iO* 
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Table  7.  Comparison  of  neutron  yield*.  Yield*  are  given  In  unit*  of  (neutron  ca?/fceV  nucleu*)xlO~**. 
The  eat  lasted  uncertainties  In  Y and  Yc  are  of  the  order  of  6*  and  10*,  respectively. 
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Table  3 


Angular  distribution  results 


Rcso.iunc 
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level  energy 
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factor  g 

At,lk 
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ai 

7.15 

2 

J 

1.0 

0.1 5 ±0.04 
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Table  4 


Experimental  results 


Source- 

scattercr 

Energy 

(MeV) 

ry  (eV) 

r,  o (<;V) 

J\oir7 

<3(eV) 

<ff„>  (b) 

5r.  (b) 

Ti-="Bi 

7.15 

0.32  ±0.23 

0.42-0.14 

> 0.68 

< 2 

2.6  ±0.8 

3-6  ±1.2 

Cu-‘‘7Sn 

7.01 

0.5  ±1.1 

0.3  -0.3 

3.6±0.7 

1.2  ±0.4 

3.4  ±3.5 

Cr-“Cu 

8.50 

11.5  ±8.0 

0.94  ±0.29 

0.08-0.04 

9.4  = 0.7 

(4.2  ±1.3)-  10-« 

0.64  + 0.20 

|Ti-“Cu 

6.07 

0.67  ±0.35 

0.36=0.07 

0.54-0.19 

9.3  ±0.8 

0.44  ±0.1 3 

2.0  +0.4 

\Ti-“Cu 

6.07 

0.32±0.18 

0.16  ±0.03 

0.51  ±0.18 

9.2±0.3 

0.20  ±0.06 

0.92  ±0.19 

In  the  last  two  columns,  <<rn>  and  at%  are  effective  cross  sections  measured  at  temperature  T,  = 300°  K. 


281 


REF. 


G.  Khr. 
Compt. 


METHOD 


Tumbev 

Rend.  Acad.  Bulg.  Sci., 


20,  541  (1967) 


ELEM.  SYM. 


Cu 


29 


67  Tu  4 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE  - 

TYPE  RANGE 

TYPE  RANGE 

G,G 

ABX 

6 

D 6 

NAI-D 

(6.41) 

NSA  22571 


22571  RESONANCE  SCATTERING  OF  GAMMA  RAYS  BY 
COPPER.  Tumbev,  G.  Khr.  Compt.  Rend.  Acad.  Bulg.  Scl.,  20: 
541-3(1967).  (In  Russian). 

Gamma  rays  from  the  capture  of  thermal  neutrons  can  be  used 
to  investigate  resonance  scattering  in  the  region  of  6 to  9 MeV. 

The  advantage  of  using  monochromatic  gamma  rays  for  investi- 
gating resonance  scattering  is  obvious  in  this  case  where  excita- 
tion of  only  one  level  is  to  be  expected.  Resonance  scattering  by 
copper  was  observed  with  the  use  of  TiO,  having  a weight  of  1350  g 
as  a source  of  gamma  rays.  Source  and  scatterer  were  natural 
Isotopic  mixtures.  Resonance  gamma  rays  having  an  energy 
Egimma  = 6.41  MeV  showed  an  increased  count  rate  due  to  nuclear 
resonance  scattering  of  gamma  rays  from  Ti  on  Cu.  Control  ex- 
periments were  carried  out  with  the  source  and  without  it.  The 
cross-section  for  the  gamma  ray  resonance  scattering  <7 was 
determined  from  the  count  rates  under  the  6.41  MeV  photopeaks 
at  different  reactor  power  levels  tor  a 4 in.  x 6 in.  Nal(Tl)  crys- 
tal. The  value  of  was  found  to  be  16.6  * 3.4  mb.  Since  a 
natural  mixture  of  copper  isotope  was  used  as  the  scattering 
agent,  it  was  not  possible  to  determine  whether  ,3Cu  or  “Cu  scat- 
tered the  6.41-MeV  gamma  rays  by  resonance.  (TTT) 
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Fro.  6.  Observed  neutron  spectra  due  to  55-85-MeV  difference 
photon  spectra.  The  effective  crow  section*  have  been  divided  by 
NZ/A. 
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Fig.  7.  Effective  cross  sections  for  production  of  fast  neutrons 
with  energies  greater  than  10  MeV  (solid  circles)  and  30  MeV 
(open  circles)  by  the  55-85-MeV  photon  difference  spectrum.  The 
dashed  curves  are  modified  quasicieuteron  mode!  predictions  as 
discussed  in  the  text. 
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Tab  LX  L Comparison  of  present  cross-section  values  in  mb 
for  production  of  nigh-energy  photoneutrons  by  55-85-MeV  pho- 
tons with  measured  cross  sections  r(y,Tn),  also  in  mb,  for  total 
photoneutron  production.  The  present  cross-section  values  are 
uncertain  by  8 to  10%  because  of  counting  statistics  and  normali- 
zation errors;  in  addition  all  values  depend  on  an  absolute  normali- 
zation in  terms  of  the  deuteron  photodisintegration  cross  section, 
which  is  known  to  about  10%  at  these  energies. 
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Tabic  II.  Parameters  of  the  photoneutron  cross  sections  for  natural  Cu  and  Pb.  *The  contribution  of 
the  (r,  P)  cross  section  for  Cu  was  considered. 
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Fig.  10.  The  photoneutron  cross  section  for  natural 
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closed  circles. 


Fig.  12.  Comparison  of  the  photoneutron  cross  sec- 
tions for  natural  Cu.  ■ 
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The  structure  of  photoneutron  differential  cross  section  In  cop- 
per was  studied.  The  energy  dependence  of  cross  sections  of  photo- 
neutron reactions  on  copper  at  excitation  from  the  threshold  to 
30  MeV  was  determined.  Theoretical  and  experimental  data  were 
compared.  (R.V.J.) 


HnTerpajfcHwe  ce'KHMX  (poTone ntponnut  peakitxA  hs  xtts 
A; ia  cWSpuiioa,  cocToaiiiMi  mi  ecTecTaeimoA  cmccm 

N3OT0AOS 


ofy.  <iH  o(y.  n/»>+ 
— MIT.  2n|. 
Mj»  0O 

XKT.  <t>. 
Atif-mj 

<r(y.  Jn), 
AfJS-ad 

CCMJ1KA  Mi 
pnrtorn 

870 

(23) 

- 

- 

( *\ 

904' 

(27) 

— 

1 'Jl 

930 

(27) 

— 

— 

|10| 

— 

450  + 15(19,6) 

— 

mi 

— 

525  ±52  (28) 

1 10±  1 1 

1121 

733+ 105  (-’8) 

— 

— 

11.31 

1060 

(30) 

— 

1141 

— 

480  (23) 

— 

1151 

610 

(24) 

— 

— 

U61 

1200^100(30) 

624  ±40  (30) 

288  ±30 ,30) 

MacTou- 

max 

ciaibX 

1050 -r  80(27) 

— 

to  *e 

710  + 60(23) 

| 

— 

! » > 

B cxoCKax  yKa3aH  ncpxiiHK  npenea  wiTerpHponaHHx. 


Ta  Ojt«  in  I 


nopora  pa3JiMMiiwt  $oTo«e>t- 
tpomiwx  pcaauHM  sa  hjoto- 
nax  mcxm 


H jo  ton 

T HO 

pra*  uii  ii 

- rionor 

(H  -1 

• 

(V. 

l<». SI 

Cu4* 

I (V.  nr) 

16.72 

(Y.  2/t) 

19.74 

(Y.  n) 

9.51 

(Y.  no) 

17.11 

(Y.  2n) 

17,82 

(Y.  *») 

28.66 

form  N3S-418 

(REV.  7-14-  64) 

USC  OMM-DC  26010-P64 


PH0T0NUCLEAR  DATA  SHEET  286 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


REF. 


Yu.  P.  Antuf'ev,  V.  L.  Agranovich,  V.  B.  Ganenko,  V.  S.  Kuz’menko, 
I.  I.  Miroshnichenko,  and  P.  V.  Sorokin 
Yad.  Fiz.  13,  473  (1971);  Sov.  J.  Nucl.  Phys.  13,  265  (1971  ) 


ELEM.  SYM. 


Cu 


29 


REF.  NO. 


71  An  1 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.P 

SPC 

37-999 

G 700.999 

TEL-D  25-400 

dst 

G.D 

SPC 

45-999 

C 700.999 

TEL-D  25-400 

osr 

999=1.  2 GEV,  D/P 

Yield  of  protons  30-400  MeV,  deuterons  30-200  MeV. 

\ 


FIG.  4.  The  ratios  Nj/Np  as  a 
function  of  target-nucleus  mass  num- 
ber A at  an  angle  9 * 60°  for  E0  * 
i:00MeV.  Solid  curve -A0  11 


The  measured  secondary -particle  spectra  for 
kinetic  energies  T > 80  MeV  are  well  described  by 
the  expression 

iTo  / dQdTQ  = const  T eip  (-T  / t),  ^ 

which  is  identical  to  the  formula  for  the  evaporation 
process/11  In  Table  I we  have  given  the  values  of  the 
parameter  r for  the  nuclei  studied,  at  various  angles. 
The  accuracy  in  determination  of  r is  about  10%. 
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TabL£  3.  Observed  angular  distribution  parameters  for 
32  MeV  electron  energy 
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Fig.  8.  Experimental  cross-sections  at  various  angles  for  ^=150  MeV  divided  by 
NZJA  plotted  as  a function  of  atomic  weight 
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FIG.  2.  Yield  values  and  the- 
oretical values  according  to  the 
modified  Rudstam  formula  as 
a function  of  the  target  charge 
number  Z,.  Points:  •—ex- 
periment, o — theory. 


H 


23  Z, 


TABLE  I.  Experimental  yields  and  reaction  cross  sections  ob- 
tained in  the  measurements  at  the  Erevan  electron  accelerator. 


Tarfet 

nucleus 

Reaction  yield,  mb 

Reaction  cross 
section,  mb 

max’  GeV 

2 

3 

‘ 1 - 

s 

:tAl 

0.81  ±0.08 

0.87 

0.87 

0.07213=0.0346 

“Si 

0.27*0.02 

0.23 

0.29 

0.0267*0.013 

«s 

0.24*0.02 

0.22 

0.27 

0.0323*0.0 155 

a 

0.28*0.03 

0.30 

o:a 

— 

”K 

0.1=0.01 

0.125 

0.15 

0.06  ±0.0238 

“Ca 

0.036*0.01 

0.09 

0.115 

0.035*0.0163 

siV 

0.0C3=0.02 

0094=0.02 

0.098*0.02 

0.082*0.023 

0.019 

“Mn 

0.079*0.02 

0.075*0.02 

0.067*0.017 

0.088x0.015 

0.01076*00053 

Cu 

0.029=0.006 

0.037*0.007 

U.035±0.007 

0.034*0.007 

0.00547=0.0026 

Note.  The  reaction  cross  sections  have  been  calculated  in  the  !/£ 


approximation  of  the  brcmsstrahlung  spectrum. 
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ELEM.  SYM. 


Cu 


29 


REF.  NO. 

76  Em  2 


egf- 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,F 

ABY 

THR-999 

C 999 

TRK-I 

4PI 

Table  1 

Measured  values  of  a,  at  E=  1000  MeV  and  deduced  values  of  o-k  assumed  constant  from  £o  to  1000  MeV 


999  = 1 GEV 


Element 

Zz/A 

(mb) 

Eo 

(MeV) 

(mb) 

Bi 

32.96 

12.3  ±0.6 

200 

7.6 +0.6 

Pb 

32.45 

5.4  ±0.4 

220 

3.6 +0.3 

T1 

3110 

4.1  ±0.3 

230 

2.8 +0.3 

Au 

31.68 

2.0±0.15 

240 

1.4 +0.2 

pt 

31.18 

1.1  ±0.08 

255 

(8  +0.7)  x 10" 1 

Re 

30.21 

(3.7  ±0.3)  x 10- 1 

280 

(2.9 +0.3)  x 10- 1 

W 

29.78 

(3.5  ±0.3)  x 10' 1 

290 

(2.8 +0.3)  x 10-  ‘ 

Ta 

29.45 

(3.3  ±0.3)  x 10-' 

300 

(17  + 0.3)  x 10- 1 

Hf 

29.04 

(1.7  ±0.2)  x 10*' 

310 

ll.4  + 0_2)x  10- 1 

Yb 

28  Jl 

(1.3  ±0.1)  x 10'1 

330 

1 1.2  + 0.1)  x 10- 1 

Tm 

28.18 

(7.5  ±0.8)  x 10-2 

335 

(6.8  + 0.8)  x 10'2 

Ho 

27.21 

(3.6  ±0.4)  x 10" 2 

355 

(3.5 + 0.4)  x 10'2 

Dy 

26.80 

(2.6 ±0.3)  x 10'2 

360 

(2.5  —0.3)  x 10'2 

Tb 

26.58 

(2.5  ±0.3)  x 10"2 

370 

(15  + 0.3)  x 10'2 

Gd 

26.04 

<1.6±0.2)x  10'2 

380 

(1.7 + 0.2)  x 10*2 

Sra 

25.56 

(1.3±0.2)x  10*2 

390 

( 1.4  + 0.2)  x 10'2 

Nd 

24.96 

(9.2  ±0.9)  x 10" 3 

405 

(1  +0.1)  xlO’2 

Ce 

24.00 

(8  ±0.9)  x 10‘ 3 

420 

(9  +1  ) x 10' 3 

La 

23.39 

(8.4  ±0.9)  x 10" 3 

430 

(1  + 0.1)  x 10" 3 

Sb 

21.36 

(1.2  ±0.2)  x 10"2 

460 

(1.5  +0.3)  x 10"2 

Te 

21.19 

(8.8  ±1  ) x 10"3 

465 

( 1-2 ± 0_2)  x 10'2 

Sn 

21.06 

(1.3  ±0.2)  x 10'2 

465 

(1. 7 + 0.3)  x 10'2 

Cd 

20.49 

(1.7 ±0.3)  x 10' 2 

470 

(2.2 + 0.4)  x 10* 2 

Ag 

20.47 

(2  ±0J)  x 10" 2 

470 

(2.6 + 0.4)  x 10'2 

Zn 

13.76 

(2  ±0.4)  x 10" 1 

515 

(3  +0.6)  x 10~ 1 

: Cu 

13.44 

(2.4  ± 0.5)  x 10* 1 

515 

(3.6  + 0.8)  x lO'1 

Ni 

13.35 

(14  ±0.5)  x 10' 1 

510 

(3. 6 + 0.8)  x 10* 1 

Fe 

12.10 

(3  ±0.6)  x 10-' 

510 

(4.4 ±0.9)  x 10" 1 

Fig.  2.  Nuciear  fissilities  as  a function  of  Z2'A.  Experimental  points:  solid  circles  represent  our  data; 
squares,  the  data  from  ref.  *);  open  circles,  the  data  from  ref.  7);  and  crosses,  the  data  from  (p.f)  experi- 
ments20). The  straight  line  is  the  best  fit  calculated  from  our  data  for  Z*/A>  26.  The  dashed  curve  » the 
curve  VT  calculated  by  Nix  and  Sassi12). 
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Fi?.  2.  The  energy  spectra  of  photoproduced  ,r=  from  C,  Al,  Ca,  and  Cu  at  905  in  the  laboratory 
system  by  250-MeV  bremsstrahlung.  The  data  of  Ca  are  normalized  to  0.26  ub  sterad*1 
MeV  - Q-‘  for  r.1"  at  35  MeV.  The  solid  curves  are  the  calculated  spectra  of  -+  by  a theore- 

tfcal  model. 
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Fig.  3.  The  s~/s*  ratio  as  a function  of  the  kinetic  energy  of  pions  produced  from  C,  Al,  Ca. 
and  Cu  by  250-MeV  bremsstrahlung.  The  solid  curve  in  (a)  is  the  calculated  energy  spec- 
trum of  ratio  including  the  Coulomb  potential  for  C.  The  dashed  curve  is  the  ratio 
calculated  neglecting  the  Coulomb  potential. 


A 

Fig.  4.  The  A-dependence  of  the  (*-  + .■;-)  cross 
sections  at  the  pion  kinetic  energies  of  -20  MeV, 
— 35  MeV,  —50  MeV  and  —70  MeV.  The  solid 
curves  show  the  relative  A-dependence  obtained 
from  the  theoretical  calculation.  The  dashed 
lines  show  A1'*  dependence  only  for  guidin'’ 
eyes. 
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Fig.  2.  Yields  of  some  spallation  reactions  in  5,V,  ”Mn  and  Co  targets.  The  cross  section  estimates  are 
obtained  in  the  \/E  approximation  for  bremsstnhiung. 


r .»  o n*T  e.  tucrx  311 


Table  2 

Photospallation  reaction  yields  (mb  per  eq.  quantum) 


Residual 

nuclei 

Reaction  yields  (mb) 

Reaction 

cross 

sections 

(mb) 

= 2Ge'-' 

(exp) 

3 GeV 
(exp) 

4 GeV 
(exp) 

5 GeV 
(exp) 

5 GeV 
(cal) 

Cu  target 

42Zn 

0.05  +0.015 

0.07  ±0.02 

0.06  ±0.02 

0.05  ±0.015 

44Cu 

52  ±5 

51  ±5 

49  ±4.9 

50.2  ±5 

4lCu 

4.24  ±0.4 

3.98  ±0.4 

4.58  ±0.46 

4.58  ±0.46 

2.4 

J,Ni 

0.065  ±0.01 

0.064  ±0.0! 

0.067  ±0.0 11 

0.068  ±0.01 

0.12 

0.0065  +0.003 

34Ni 

£ 0.067 

0.02 

41Co 

0.3  ±0.05 

0.54 

38Co 

3.67  ±0.3 

3.49  ±0.3 

3.3  ±0.3 

3.5  ±0.3 

4.76 

51Co 

2.5  ±0.25 

2.2  ±0.2 

2.47  ±0.2 

2.2  ±0.2 

2.09 

34Co 

0.77  ±0.08 

0.7  ±0.07. 

0.75  ±0.07 

0.77  ±0.08 

0.606 

5 ’Co 

0.16  ±0.031 

0.14  ±0.025 

0.1 24  ±0.025 

0.16  ±0.031 

0.13 

39  Fe 

0.34  ±0.08 

0.28  ±0.07 

0.32  +0.05 

0.274 

34Mn 

0.3  ±0.03 

0.27  ±0.03 

0.3  ±0.03 

0.48 

34Mn 

1.68  ±0.17 

1.66  ±0.16 

1.65  ±0.16 

1.64  +0.16 

2.33 

32Mn 

0.53  ±0.05 

0.47  ±0.05 

0.525  ±0.05 

0.473  +0.05 

0.55 

3lCr 

1.92  ±0.2 

1.92  ±0.2 

1.78  ±0.18 

1.9  ±0.2 

1.36 

**V 

0.56  ±0.06 

0.53  ±0.05 

0.6  ±0.06 

0.61  ±0.06 

0.46 

0.066  +0.03 

48Sc 

0.07  ±0.017 

0.05  ±0.012 

0.062  ±0.015 

0.061  +0.015 

0.036 

47Sc 

0.13  ±0.027 

0.11  ±0.022 

0.1  ±0.02 

0.1 22  ±0.024 

0.128 

44Sc 

0.41  ±0.05 

0.37  ±0.074 

0.36  ±0.07 

0.35  ±0.07 

0.336 

44Sc 

0.13  ±0.01 

0.15  ±0.015 

0.14  +0.05 

“"Sc 

0.253  ±0.025 

0.27  ±0.03 

0.26  ±0.026 

0.24  ±0.025 

0.35 

43Sc 

0.292  ±0.03 

0.285  ±0.03 

0.265  ±0.03 

0.26  +0.02 

0.11 

4JK 

0.0536  ±0.005 

0.058  ±0.006 

0.051  ±0.005 

0.04 

42  K 

0.118  ±0.01 

0.097  ±0.01 

0.09  ±0.01 

0.1  ±0.01 

0.117 

24Na 

0.029  ±0.006 

0.037  ±0.007 

0.036  ±0.007 

0.034±0.007 

0.012 

0.0056  ± 0.0026 

Calculated  values  are  obtained  using  Rudstam’s  formula.  Cross  section  estimate*  are  made  in  the  ME 
roroximauorL 
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REACTION 
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DETECTOR 
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TYPE  RANGE 
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ACT- 1 
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function  of  the  mass  number  difference  &A  between  fragments  and 
target:  • denotes  the  measured  mean  energies,  o the  energies 
calculated  with  Monte  Carlo  program  [10],  V the  energies  from 

fission  calculation  [11],  — — , and are  the  energies 

calculated  from  the  seciempirical  formula  of  [9]  multiplied  by 
factors  of  1„  1.56  and  2.02  respectively.  The  random  error  is  given 
by  bars  in  some  points 


MEAN  FRAGMENT  RANGES 


Table  1.  Mean  ranges  and  mean  kinetic  energies  in  three  directions 
for  3,*Na  produced  in  different  targets 


Range 

mg/cm3 

Kinetic 

energy 

MeV 

Cu  forward 

3.64  ±0.55 

21.0  ±3.8 

Cu  backward 

117  ±0.33 

10.2  ±1.8 

Cu  perpendic. 

3.09  ±0.46 

16.7  ±3.0 

A g forward 

7.61  ± 1.1# 

37.1  ±6.7 

Ag  backward 

6.65  ± 1.03 

31.8-5.7 

Ag  perpendic. 

7.20  ± 1. OS 

35.0  — 6.3 

Au  forward 

17.4  ±2.6 

69.5  ±115 

Au  backward 

16.0  ±2.4 

64.0  r 11.5 

Au  perpendic.* 

12.6  ± S.4 

4922  x 33.4 

* The  statistical  uncertainty  in  the  yield  was  specially  large 


-ohm  N3S-418 

<R  £V.  7-1  4-64) 
USCOMM-NBS-DC 


Table  2.  Means  ranges  in  three  directions,  forward  to  backward  ratios  and  mean  kinetic  energies  of  different 
fragments  produced  in  copper 


Fragment 

Range  mg  cm 

2 

Forward  / 

Mean 

kinetic 

energy 

MeV 

Forward 

Backward 

Perpen- 

dicular 

Random 

error 

“Cu 

0.018 

0.009 

0.021 

X 0-002 

2.0 

0.043 

“Cu 

0.10 

0.05 

0.05 

±0.01 

2.0 

0.26 

5,Fc 

0.43 

0.31 

0.28 

±0.05 

1.4 

1.23 

17Ni 

0 63 

0.20 

0.41 

±0.06 

3.1 

1.6 

“Co 

0.6b 

0.24 

0.49 

±0.07 

17 

i.8 

55Co 

0.87 

0.32 

0.61 

±0.09 

17 

15 

”Mn 

1.07 

0.42 

1.13 

±0.13 

2.5 

3.9 

*3Sc 

1.41 

0 66 

1.08 

±0.16 

11 

4.4 

u«V 

1.41 

o.5y 

0.97 

X0.15 

14 

4.5 

14Sc 

1.71 

0.S7 

1.24 

±0.19 

2.0 

6.0 

'■‘Sc 

1.6-1 

0.6  7 

1.23 

±0.18 

15 

5.6 

*‘N 

' Y4. 

0.3- 

1.41 

±0.21 

13 

6.7 

- * \ t y 

'.I 

1.3 

3.4 

±0.4 

2.4 

14.3 

~ " \ 2 

— 

3.1 

x0.4 

1.7 

16.0 
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Fig. la  Bremsstronlung  energy  (Me'/) 


Fig.  I a j.  The  measured  yield  as  a function  of  bremsstrahlung  end  point  energy.  The  error  bars  give  the  statistical  errors  in  the  numbers  of  y- 
■j ; mtj  detected.  The  solid  lines  are  fitted  to  the  yield  points  with  the  least-squares  method.  The  yield  from  Cu  (Fig.  1 a)  is  measured  in  [ 1]  and  has 
been  recalculated  using  the  monitor  curve  of  [5] 


Fig.  Z.  -.can  cross  section  in  the  energy  range  -MX)  to  1000  MeV 
_■  re  . - - the  \ ields  of  F.gure  1 in  this  work  and  of  Figures  1 to 
~ - - - is  give-  ears  in  some  points 


Target  mass  nurnaer  Ay 


o 


*7 


1 


_L 

2t0 


Fig.  4.  Mean  cross  sections  of  the  present  work  and  of  [1]  (•) 
compared  with  the  cross  sections  in  proton  irradiations:  + 400  MeV 

314  . from  [4],  o 700  MeV  from  [16]  and  an  extrapolated  value  from  [17]. 

v 3 GcY  from  [13] 
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Fig.  ! . The  2-particle  energy  spectra  at  50’  in  the  lab  for  the  six  nuclei  studied.  Note  that  as  Z in- 
creases, the  crass  section  decreases  and  the  energy  of  the  peak  increases.  Errors  are  statistical.  Curves 

are  to  guide  the  eye. 
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Fig.  2.  Energy  of  lie  cross  section  peak  as  a function  of  Z.  The  solid  line  is  the  energy  of  the  classical  erartmentof  commerce 
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Fig.  3.  Angular  distributions  for  copper  (Z  = 29).  These  isotropic  distributions  indicate  an  evapo- 
ration process.  Errors  are  statistical.  Curves  are  to  guide  the  eye. 


Fig.  4.  The  a-particie  energy  spectrum  at  50°  for  copper.  The  dash  curve  is  the  calculated  evapora- 
tion model  cross  section.  The  solid  curve  (scale  to  right)  gives  the  penetrabilities  used  in  the  cal- 
culation. 
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We  discus*  dau  concerning  the  ratios  of  the  yields  of  different  isomeric  states  in  the  elements  “Sc  and 
,JMn.  Experimental  results  are  presented  for  measurement  of  the  yields  of  Sc  and  51*  ■"Mn  in 
disintegration  of  targets  of  5IV,  5!Mn.  and  Cu  by  photons  with  energies  from  2 to  S GeV;  theoretical 
values  of  yields  for  these  elements  were  obtained  by  means  of  the  Eve-parameter  Rudstam  formula.  The 
pattern  of  formation  of  high-spin  states  in  photodisintegration  reactions  is  Himinwi  in  terms  of  the 
cascade-evaporative  model. 
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Abstract:  The  photoproduction  of  charged  pions  in  the  sub  GeV  region  has  been  studied  for  two  nuclear 

targets,  copper  and  lead,  by  using  a magnetic  spectrometer.  The  photon  energies  are  determined  in  *AVG  PHOTON  ENERGY 

steps  of  50  MeV  by  a subtraction  method  for  the  bremsstrahlung  spectrum.  The  observed  pion 

momentum  spectra  reveal  characteristic  features  of  quasi-free  production  (QFP)  even  for  such 

heavy  nuclei  as  copper  and  lead.  The  data  are  compared  with  results  obtained  by  a PW1A 

calculation,  which  give  a good  fit  to  the  data.  The  QFP  cross  sections  per  relevant  nucleon  at  44.2’ 

and  the  average  photon  energy  { k > = 668  MeV  are  found  to  be  approximately  proportional  to  A~l /3. 
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Fig.  1.  Typical  examples  of  the  measured  pion  spectTa.  Errors  are  statistical  only.  The  solid  curves  are 
/, r * (PWIA  calculation)  with  parameter  values  pe  = 270  MeV/c.  e = 25  MeV  and  f,  being  shown  in  the 
figure.  The  dotted  curves  in  (a)  and  (b)  correspond  to  the  cases  in  which  pf  = 300  MeV/c  while  r is 
unchanged,  and  e = 35  MeV  while  p?  is  unchanged,  respectively.  Arrows  denote  the  values  of  the  pion 
momentum,  pfr„,  which  is  calculated  from  the  assumption  that  the  target  nucleon  is  free  and  at  rest. 


form  M3S-418 

(R  E V.  7-1  4-S4) 
USC  OMM-N  BS-0  C 


uver 

U.S.  DEPARTMENT  OF  COMMERCE 

NAT!  ON  * L BUREAU  OF  STANDARDS 


PHOTONUCLEAR  DATA  SHEET  318 


-O 

o 


O « 


Q0  i 

£ 


* 

o 

fc  -5 


ii 

-li 


>3° 

s|l 
00  ° «*» 
VO  O o 

'O  •£  -c 
II  «*.  H 
^ o ^ 
^ « 

! ts 

i 

? s ^ 

^ w e 

II  N S 

<*>“  5*  2 


5 I " 
8 « * 
l/»  '"*  w 

X C CO 

2 .2  v, 

£ ~ c 

Si 
2*2 
•T  fe 


5 _fc 

(5 

■VJ 


n 

-IN 


Q 

O 

as 

o. 


cc 

Ll. 

I 

1—1 

to 

< 

e) 

cr 

ii 

o. 

ti- 

er 


U I 

L.  O 

2 s 
* § 
X a 

+ 1 
« w 

fe  *rj 

t g 
< " 
+ i 

^ >v 
<*  00 

I g 

— u 

o 

9 C 

u o 

it 

5 & 


S3 

'b  o 

w r- 

"3  g 


J3 

* 


5=  Q. 


^ > 
■n  ^ 

► « 

c:  5 

■o  ■ 

Jb  5. 

^ 2“ 


Tf  V")  <N  00  — «/1 

OOOOs-^-*— 

ddodddddddddddod 

-h-h-h-h-h-h-h-h-h-h-h-h-h-h-hu 

O^cNOs^r^ONcnTTvocNf^r^—  oco 

CO-mN'TX(f|MQOOOriO(N/i 

odododoHHpiNNHH-M 


^>0(NNnC«-ON 
• aor^w-i^cjfnrMO 
fc 


’tN5\ON^^in 

J'apv'O/ionN 


•£> 
*4! 
<5  S 

O • 

\ k. 

^b  ,2. 

]o 

± 


c*>  O' 
n*  ^ 

ooooooodoooooddd 

-h-h-h-h-h-h+i-h-h-h-h-h-h-h-h-h 

OOrnrNvovqr^"»toqr-fnoNvnp^ooo 

oddddod-*-r--H-iH6<N 


- O h ’t  N Ov  O' 

n n o ^ ce  n o 

rf  t t w m n n 


sO'O^T'O'O^r^— > 
omN^OC'OOco 
nnnnn<NNN 


~ > 
*3 


Z Q C 

to  ^ O 
V V _C 
^ o 

> c o 

I ll 

I I i 


— I l.  i L. 

o co  <o  <* 
(js/qrt ) n/(8PL0P> 


c ~ 

O = £ 

‘SO  o 

y a y 
« 2 w. 
a o 

§ 5 s 

x £ 2 

&*s 

u "3  Si 
if  .2  2 
. •o  c 

c*1  u O 
00  O "2 
(O  S y 


Q 

O 

QC 

a. 


a: 

u. 

i 

I— 4 

c-O 

< 

ZD 

cr 

ii 

a. 

Ll. 

cr 


O O'  r*1 
•r  t /■, 

o o d d 

•H  -H  -H  -H 

N N fN  N 

O x r'  n 

- o d <n 


r-  o oo 
— O O'  00 
n n n n 


r*  o\  o 

/i  n in  o 

o o o d 

•H  -H  -H  M 

N ■C 

O'  00  00  (**> 

dodo 

i 


«o  o 

vC  W-> 

<N  fM  (N  (N 


319 


ref.  J.-O.  Adler,  G.  Andersson,  H.-A.  Gustafsson,  K.  Hansen 
Z.  Phys.  A295,  65  (1980) 


EL  CM.  SYM. 


Cu 


29 


METHOD 


REF.  NO. 


80  Ad  10 


hg  : 


EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

- 

REACTION 

RESULT 

TYPE 

RANGE 

TYPE  RANGE 

ANGLE 

G,P 

ABY 

THR-500 

C 

500 

TEL-D 

DST 

G,D 

ABY 

THR-500 

c 

500 

TEL-D 

DST 

G,T 

ABY 

THR-500 

c 

500 

TEL-D 

DST 

G,HE3 

RLY 

THR  500 

c 

500 

TEL-D 

DST 

G,A 

ABY 

THR-500 

c 

500 

TEL-D 

DST 

The  energy  and  angular  distributions  of  p,  d,  t,  3He  and  4He  from  the  three  targets  Cu, 
Ag  and  Au  were  measured  at  five  different  angles  for  bremsstrahlung  with  peak  energy 
500  MeV.  The  measurements  were  made  using  a telescope  consisting-  of  four  surface- 
barrier  detectors.  The  experimental  ‘data  are  compared  with  cascade-evaporation  calcu- 
lations. For  the  4He-distributions  the  calculations  were  extended  to  include  the  contri- 
bution from  knock-out  of  surface  alphas  by  the  cascade  nucleons.  The  comparison  shows 
that  the  main  contribution  comes  from  evaporation  but  that  there  is  a direct  component 
of  the  order  of  10%. 


Fig.  2.  Experimental  proton  angular  {filled  circles)  and  energy 
(solid  histogram)  distributions  from  the  three  targets  Au.  Ag  and 
Cu  compared  with  angular  (solid  line)  and  energy  (dashed  histo- 
gram) distributions  obtained  from  cascade-evaporation  calculations 


Fig.  3.  Deutcron  distributions.  See  caption  of  Fia.  2 
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Fig.  4.  Tnton  distributions.  See  caption  of  Fig.  2 


Fig.  6.  Comparison  between  different  measurements  of  the  yield 
ratios  ^He/^He  and  3H/4He  as  a function  of  massnumber 
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direct  contributions 
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Double  differential  cro»  sections  for  the  photo-emission  jf  protons  and  charged  pion  production  were  inresti^ted  for 
a number  of  target  nuclei  (He,  Be,  C,  0,  Al,  Ti,  Cu,  Sn,  Pb)  in  the  photon  energ^range  k * (215— 38d)  MeV.  On  the 
of  these  experimental  results  the  total  hadronic  cross  section  was  determined. 


Fig.  7.  Parameter  oq  »*  * function  of  photon  energy  (data  points)  compared  to  the  mean  cross  section  for  a free  nucleon  (soisd  line). 


The  total  hadronic  cross  sections  for  all  measured 
elements  can  be  parametrized  in  the  form 

a(k,A)  = a0(k)  • Ax  , 

A being  the  atomic  number,  with  a constant  exponent 
Jr  = 1.1,  The  Photon  energy  dependence  of  a0  is  shown 
in  fig.  7.  Compared  to  the  mean  cross  section  for  a free 
nucleon  (the  solid  line  in  fig.  7)  the  excitation  of  the 
A-resonance  is  suppressed.  Such  a suppression  is  ex- 
pected in  the  A-hole  model  [11], 
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Abstract:  Double  differential  cross  sections  for  the  photoemission  of  protons  and 
charged  pion  photoproduction  were  investigated  for  a number  of  target  nuclei 
(He,  Be,  C,  0,  A1 , Ti,  Cu,  Sn,  Pb ) using  the  tagged  bremsstrahlung  beam  at 
the  Bonn  500  MeV-Synchrotron  in  the  photon  range  k = (215-386)MeV.  On  the  ba- 
sis of  these  experimental  results  the  total  hadronic  cross  section  was  deter- 
mined. 
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Fig.  3.  Total  hadronic  cross  section  for  Be.  The  data  are  comoared  to  the  cross 
section  taken  from  ref.2). 

The  photon  energy  dependence  of  the  total  cross  sections  for  heavier  nuclei 
are  similar  to  the  Be  results.  The  complete  data  set  can  be  parametrized  in  the 

r Om 

o(k,A)  = oQ(k)  . Ax. 

The  exponent  is  constant  x = 1.1.  The  photon  energy  dependence  of  j0  is  shown  in 
fig.  4.  Compared  to  the  mean  cross  section  for  a free  nucleon,  the  excitation  of 
tne  A-resonance  is  suppressed. 
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Inclusive  photoproton  cross  sections  for  the  reaction  Cu(y,p)X  have  been  measured  for  a 
photon  energy  of  300  MeV  at  proton  angles  45*.  90*,  and  135*,  and  for  150  MeV  at  45*.  The 
data  are  compared  -with  an  intranuclear-cascade  calculation  and  with  Ni<ir±,jrt  data.  The 
angular  distribution  is  analyzed  to  obtain  an  estimate  of  the  number  of  nucleons  involved  in 
the  interaction. 


("NUCLEAR  REACTIONS  Cu (y,p)X,  £=150  MeV,  0=45*,  £=300  "I 
[_MeV,  0=45*,  90*,  135*;  measured  a<£,,0);  intranuclear  cascade  analysis.  J 
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FIG.  3.  Comparison  of  the  present  data  at  300  MeV, 
45*  (closed  circles)  with  Bonn  Cut y,p)X  data  (Ref.  26) 
for  £r=29l  MeV,  44*  (open  circles). 


TABLE  I.  Inclusive  cross  sections  for  the  C\iiy,p)X  reaction.  Errors  given  are  statistical 
mly.  The  overall  systematic  uncertainty  is  ±7%. 


40  80  120  160  200 

Proton  Energy  ( MeV) 


240 


FIG.  2.  Cu (y,p)X  cross  sections:  (a)  300  MeV,  45’; 
(b)  300  MeV,  90";  (c)  300  MeV,  135*;  (d)  150  MeV,  45*. 
Only  statistical  errors  are  shown.  Also  plotted  are  the 
results  of  a cascade  calculation  where  the  solid  lines 
represent  the  total  yield,  and  the  dashed  lines  the  yield 
due  to  quasifree  pion  production  only.  The  arrows  indi- 
cate the  proton  energies  expected  for  free  deuteron  pho- 
todisintegration kinematics. 
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Fig.  1.  Excitation  functions  for:  a)  Ni(p,y)  Cu  at  90° 

for  E > 6.5  MeV;  b-e)  58Ni(p,p0)  for  angles  of:  b)  165a;  c) 
145°;  d)  125°;  e)  95°  (N  is  the  number  of  counts  per  yCi) . 
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6.7- 10-5 

4950—4 

31,2 

8,8- to-1 

5040±4 

16,6 

4,7  - 10-1 
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A study  is  resorted  of  the  y-decay  of  analog  resonances  in  the  Ni(py)  Cu  re- 
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action.  The  following  analogs  of  the  excited  states  of  Ni  were  observed: 

0.466,  0.878,  and  1303  keV.  The’  quantities  u and  the  values  of  B(M1)  have  been 

1 5a 

determined  for  transitions  from  the  analogs  to  the  Cu  levels.  Analog  8 and  y- 
transitions  are  compared,  and  analog-antianalog  transitions  are  analyzed. 
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f/. 

keV 

T 

E p = 950  keV 
43i9±l  keV 
/«  - 

E p -1424 
£•»  48!7±1 
I"  =-»;4 

keV 

keV 

Ep  -IglSkcV 
£•  — 5230*1  keV 
r - Mr- 

Ep  — 1883  keV 
E*  — 5268*1  keV 
/=■»•/. 

Ep  —1923  keV 
E*  — 5310*1  keV 

IV  «v 

0 (Ml), 
JU1 

N 

rT.  ev 

DISH), 

Uta* 

1 T 

rY,eV 

W(M  1), 

h 

rT.ev 

Jll.VI). 

nV 

'y 

rt.eV 

U[M  n. 

0 

7r 

6 

0,003 

0,003 

10 

0,08 

0,06 

91 

1,3 

0,90 

29 

0,015 

0,01 

15 

0,03 

0,02 

491 

'/a- 

17 

0,008 

0,01 

66 

0,32 

0,34 

5 

0,09 

0,09 

18 

0,01 

0,08 

- 

- 

- 

912 

7r- 

- 

- 

- 

3 

0.015 

0,02 

- 

- 

- 

7 

0,004 

0,01 

- 

- 

- 

1937 

7a 

- 

- 

- 

9 

0,045 

0;17 

- 

- 

- 

- 

- 

- 

- 

- 

- 

22(15 

7j 

17 

0,008 

0,08 

4 

0,02 

0,10 

4 

0,07 

0,23 

- 

- 

- 

- 

- 

- 

2.118 

'h 

25 

0,012 

0,12 

- 

- 

- 

- 

- 

- 
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0,015 

- 

- 
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2324 

7» 

- 

- 

- 

2 

0,010 

0,08 

- 

- 

- 

- 

- 

- 

88 

0,13 

0,41 

2707 

7 2 

- 

- 

- 

- 

- 

- 

- 

- 

- 

12 

0,007 

0,035 

- 

- 

- 

2927 

7s 

- 

- 

- 

- 

- 

- 

- 

- 

- 

7 

0,004 

0,025 

- 

- 

- 

3025 

(7s) 

11 

0,(105 

0,18 

- 

- 

- 

- 

- 

- 

- 

- 

- 
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0,018 

0,12 

3114 

(7a) 

0 

0,004 

0,18 

- 

1 

- 

- 

- 

- 

12 

0,007 

0,0G 

- 

- 

_ 
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(7  a) 

13 

0,007 

0,33 

- 

- 

- 

- 

- 

- 

- 

- 

- 

7 

0,017 

0,11 

34  y, 

(7s) 

- 

- 

- 

r 

- 

- 

- 

- 

7 

0,004 

0,05 

- 

- 

Note.^Jor  the  Ep  = 1923  keV  resonance,  the  spin  of  which  is  unknown,  we  five  value,  of  guT  and  jB(Ml),  where  | is  a statistical  factor  equal  to 
(2j  -MJCU,  + li;  1 “ lhe‘P‘n  °f  ,l,e  resonance,  Jp  is  the  proton  spin,  and  J0  is  the  spin  of  the  target  nucleus. 
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We  measured  the  y spectra  of  the  resonance  decay  in  the  reaction  “Ni (p,  y)*lCu  at  proton  energies 
Ep  * 1588,  1599,  1605,  and  1620  keV.  These  resonances  are  identified  as  the  components  of  the  fine 
structure  of  the  analog  state  p3/2.  The  intensities  of  the  population  of  the  state  of  4,Cu  with 
excitatioo  energy  up  to  3 MeV  are  obtained.  The  decay  scheme  of  these  states  is  constructed. 
Comparison  with  beta  decay  points  to  the  need  for  taking  into  account  the  l part  in  the  operator  of 
the  Ml  y transition  when  assessing  the  role  of  the  polarization  effects  in  the  y decay  of  isobar 
analog  resonances.  The  analog-antianalog  transition  is  slowed  down  by  an  approximate  factor  10 
compared  with  the  single-particle  estimate. 
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reaction  in  the  p^2-IAR  region,  a)  Thick  tar- 
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Table  1 

Characteristics  of  the  Isobar-Analog  P.esonances  of 


£ \keV 

Ep.  KeV 

1* 

r-r,.  *V 

r 

Y..  «V 

present 

jraper 

171 

flOl 

present 

paper* 

[71 

(101 

6374 

1.709 

V,- 

0,1.7*0.03 

0.1 

0.05 

0.72 

0.6 

0.21 

6380 

t607 

V:- 

0.25*0,03 

0.1 

0.14 

0.74 

0.7 

0.26 

630n 

1620 

V:  - 

0.20*0.04 

0.3 

0.10 

0..70 

0.4 

0.16 

6 '.31 

Iii36 

Vi- 

0.43*0.10 

0.1 

0.19 

0.60 

0.5 

0.27 

6624 

18.76 

l/r 

0,034  *0.010 





0.33 





6641 

187.7 

7»- 

0,07*0.02 

- 

- 

0..33 

— 

— 

•The  total  width*  ire  given  without  allowance  for  the  angular  distribution  of  7-rjys. 
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Errors  estimated  to  be  25$>. 
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97 1°  electric  dipole  and  3$  electric 
quadrupole  required  to  fit  experi- 
mental points. 

No  corrections  made  for  nuclear  signs; 
these  would  tend  to  increase  fraction 
of  E2. 

£-z  ^2 

Cu^  (y, n)  Cu  cross  section  from 
Katz  and  Cameron  [Can.  J.  Phys.  29. 

518  (1951)]. 


Fir..  1.  Phnt'MKUtron  yield  cross  section  for  Cu  shown  in 
r-iarisnn  w ith  Cu"111  .n  'Cu53  and  Mn^iy.JK'Mn5-*  cross 


E0  IN  MEV 

Fig.  5.  Experimental  and  theoretical  values  of  F for  copper. 
The  dashed  lines  are  computed  assuming  an  effective  excitation 
energy  of  14  Mev  for  the  electric  quadrupole  process. 
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Table  I.  Results  obtained. 


Reaction 

X 

(min-1 

j (mb) 

•••  (®b> 

Cu*<r.  *)Cu« 

0 0695*±2X37.7±15* 

I ' 42.5 

Zn*Kr,  «)Zn« 

0.018 

20.7±18x 

23.3 

Ag“(r,  n)AgW»0.295 

,S4.6±16X 

61.5'- 

The  decay  constant  of  Cu0  was  determinate  at 
our  measurement.  • 

For  the  reduction  to  17.6  Mev  nmire  liiiHlrtti 


7-ray,  we  used  the  ratio  1:2  as  the  &bem&$ 
ratio  of  14.8  Mev  to  17.6  Mev  j- ray,  and  the 
results  of  bremsstrahlung  experiments  as  the 
excitation  curve  for  each  elements. 


a = lf-2 . 5 ±15$  mb 

The  ratio  1:2  was  used  as  the 
intensity  ratio  of  14,8  to  17.6  MeV 
photons  and  the  results  of  betatron 
experiments  to  make  the  correction. 

The  incident  flux  was  determined  by 
calculating  how  many  electrons  should 
be  ejected  per  photon  from  a metal 
foil  placed  in  front  of  a geiger 
counter. 
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K)  The  cross  section  of  Cu<°(r,  n). 

1)  The  cross  section  by  17.6  Mev  photons. 

m)  The  cross  section  of  natural  copper. 

n)  The  cross  section  by  Li-p  ;-- ray. 

o>  The  following  values  were  used  to  reduce  the  cross  section  of  Cu«(r  n)  by  17  6 Mev  nhotnn, 
the  intensity  ratio  of  17.6  Mev  and  14.8  Mev  photons  in  the  Li-p  r ray  is  21  ? r 

M,.*  m«(Cu)=  1.67  and  <n7.#MeT(Cu«)/(rir.8Me,(Cu<n)=  1.5.  -2'1’  <r‘7-«  *c»(Cu) 

p)  Suffix  numbers  show  the  mass  number  of  the  isotopes. 

See  5 4.  Discussions  or  ref.  14. 
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Tadls  I.  Summary  and  comparison  of  neutron  separation  energies  inferred  from  present  threshold  measurements  with  values  predicted 
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Fig.  10»>.  Excitation  curves  of  the  reaction  Cu“ 
(r,  n)  Cu“  obtained  by  various  authors.  A point 
represents  the  value  for  17.6  Mev  ’-ray  deter- 
mined in  the  present  experiment. 
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W (9)  = l+(O.8±O.2)Pp(cos0); 
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Gaseous  Zn  0 source  used;  gamma  line 
shapes  were  calculated  from  3 decay 
scheme  of  Ricci  et  al  [Nuovo  Cimento 

11,  156  (1959)]. 


Tabu  1 

Experimental  data  and  the  lifetusea  of  the  660-keV  and  961 -to V level* 
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N(E~) 
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r tel 

•.MV  It* 
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-o.o*±ao7 

9.m 

IS  x 10-* 

(S-liOJIlO-* 

tuiiie 

» 

0 J ±0.1 

9.9n±%M» 

l.OSx  10"* 

(t  ±1.5)10-** 

Fig.  3.  Partial  decav  scheme  of  Znu  Only  those  features  relevant  to  the  resonance  scattenaf 
experiment  are  reproduced. 

J 1 1 I ! 


Fi*.  5 Pulse  height  dismbuttoos  o(  the  direct  ana  the  fitter eU  radiatnu 
Irnm  * Zn**  source.  .b>  u sc^nenrr.  ci  Za  bitterer  l resonance  -ilect  *l> 
•r actions  .sc  tune  c Irom  di. 
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REL  TO  PROTONS 


Fig.  6 — Total  mass  histogram  for  the  plates  exposed  in  positions  n*a 
1.  2.  8 and  9.  The  full  lines  give  the  calculated  shapes  of  the  proton 
and  deuteron  peaks,  normalized  respectively  to  460  and  65  tracks;  the 
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counter  for  elastic  scattering  from  the  copper  and 
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tering angle  The  second  abscissa  scale  gives  the 
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hours  of  counting  with  the  nickel  target 
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C 1-3 
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' 
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Table  1 

Cases  of  observed  resonance  fluorescence 


Nucleus 

multipol. 

Slate 

(McV) 

Spin 

rjr 

T(gwra'in)-1 

(see). 

Mean  lifetime  T 
BCW 
(sec) 

Mean  lifetime  T 
other 
(sec) 

Ref. 

r^r Vi- 
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Cu" 

0.00 

i- 

Ml 

0.67 

i- 
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86±30x  10-u 

43±15xI0-“ 

31±3xl0-‘4 

”) 
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Table 


ELEMENT 

Yield  (36  MeV) 
( n.  cm2  \ 

„30 

A 

27 

2:/ 2: 

O-I 

(mb) 

\ mol.  MeV  / 
X 10® 

2«Cr  

83 

1.21 

2.1 

0.58 

62 

25^n  

108 

1.52 

2.33 

0.65 

76 

20^e  

68 

0.88 

1.46 

0.60 

50 

„7Co  

89 

1.08 

1.82 

0.59 

64 

28^*  

44 

0.55 

1.07 

0.51 

34 

2l>ClI  

95 

1.06 

1.99 

0.53 

72 

30^n  

88 

0.94 

1.68 

0.56 

66 

31^3  

130 

1.29 

2.18 

0.59 

94 

32^  

139 

1.35 

2.29 

0.59 

101 

83^  • 

137 

1.22 

2.18 

0.56 

100 

A r t> 

/ o ( E ) d E is  the  integrated  cross  section  measured  in  units  of 
60  i \Z  J * 


the  classical  dipole  60  XZ/A  mb.  MeV. 
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Fig.  3.  Total  cross  section  [<r(y,n)+2r(y,2n)-lr<r(y,np)2  for 
Cuu  obtained  from  single-neutron  counting  data. 


Fig.  4.  Partial  cross  sections  measured  for  Cu°.  The  top  curve 
consists  of  r(y,n)+ar(y,np ) plus  contributions  from  direct  inter- 
actions and  was  obtained  from  single-neutron  counting  data. 
The  lower  curve  consists  of  <r{y,2n)  and  was  obtained  from  double- 
neutron counting  data. 


Fig.  5.  The  formation  cross  sec- 
tion of  Cuu,  r(y,n)+<r(y,np)-rr(y,2„) 
— adiroi.  Contributions  from  <r(y,p)  are 
not  included  here. 


FORM  N8S-418 

(REV.  7-1  4-64) 

USC  OMM-OC  26  0 1 0-  P64 


PHOTONUCLEAR  DATA  SHEET  359 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL.  BUREAU  OF  S “ 1 OARDS 


REF. 


S.C.  Fultz,  R.L.  Bramblett,  J.T.  Caldwell,  R.R.  Harvey 
Phys.  Rev.  JJ3,  B 1149* 54  (1964) 


ELEM.  SYM. 


Cu 


63 


29 


METHOD 

Positron  Annihilation;  ion  chamber 


[Page  2 of  2] 


REF.  NO. 

64  Fu  1 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

Table  I.  Integrated  cross  sections  up  to  28 
MeV  for  copper  isotopes. 


Element 

Reaction 

Integrated 
cross  section 
(MeV-mb) 

Fraction 
of  total 
inte- 
grated 
cross 
section 

Total 

(MeV-mb) 

Natural  Cu 

(7.«)  + (7.»#) 

525±52 

0.67 

1 10=1=  1 1 

0.14 

(y,p)% 

152±50 

0.19 

787±113 

Cu“ 

(' y,n)  + {y,np ) 

523dr52 

0.89 

4- direct 

(7,2  «) 

80±8 

0.11 

(7  ,»/>)* 

115=1=20 

0.15 

(7  ,P)- 

161  ===48 

0.21 

(y,n) 

344  ±34 

0.45 

direct6 

64±22 

0.08 

764±  09 

Cu“ 

(y,n)  + (y,np) 

437±43 

0.57 

(7,2  ») 

195±19 

0.25 

(7  ,pY 

134±40 

0.18 

766±103 

* Calculated  from  evaporation  theory. 
b Estimated. 

• See  Ref.  20. 


Table  II.  Cross  section  for  Li  gamma  rays. 


Natural  Cu 

<r(y,n) 

(mb) 

ClL63 

<r(y,n) 

(mb) 

Cu“ 

<r(7,«) 

(mb) 

Reference 

120±30 

• 

55=±=  12 

52±U 

b 

48±8 

c 

85±15 

80=tl4 

d 

64±10 

60±9 

• 

38=b6 

f 

64±4 

g 

59±6 

70=7 

b 

61±6 

55±6 

66±6 

Present 

work* 


Table  III.  Quadrupole  moments  and  Lorentz  line  parameters. 


Nuclear 

shape 

Em 

Isotope  (MeV) 

<Tm  r«  Eb 

(mb)  (MeV)  (MeV) 

9b 

(mb) 

Tb 

(MeV) 

0. 

(b) 

Cuu 

16.00 

48.5 

3.5 

19.0 

44.5 

7.5 

1.1  =0.4 

Spheroid 

Cu» 

16.00 

54.7 

4.2 

19.25 

62.0 

7.5 

1.2  =0.4 

Cu“ 

16.50 

62.5 

5.0 

21.25 

22.0 

7.1 

-1.4  ±0.4 

Spheroid 

Cu« 

16.75 

37.5 

5.0 

20.S 

36.4 

6.0 

- 1 . 1 ±0.4 

Table  IV.  Integrated  nuclear  formation  cross  sections  and  <r_2  values. 


ru 

L °dE 

/ <rdE+W 

0.06.VZ/.4 

(T_  2 

0.00225  A 1/1 

Isotope 

(MeV-mb)* 

(MeV-mb)b 

(MeV-mb) 

(mb/MeV) 

(mb/MeV) 

Cu“ 

764±109 

913±121 

939 

2. 1=0.3 

2.4 

Cu9S 

766±103 

960==  124 

964 

2.6±0.3 

2.4 

* The  integrated  cross  sections  include  estimated  contributions  from  ( y.p ) reactions. 

b The  correction  “W"  is  the  sum  of  the  high-  and  low-energy  wing  corrections  to  the  area  under  the  resonance  curves  for  the  oblate  case. 
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n - 
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22 

»)  Measured  with  Nal. 

»)  Ref.  “). 

e)  Measured  with  a Ge(Li)  detector  to  ±10%. 
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5.89 
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a)  The  value  corrected  at  the  end  of  1 hr  irradiation  (9.4x  10*  R/min). 
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Fig.  1.  The  yield  curve  for  (,-,  a)  reaction  with 
20  VfeV  bremsstrahlung. 
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Fig.  8.  (A)  The  °Cu(7,»)  yield  versus  annihilation  7-ray  energy 
for  2%  7-ray  resolution.  This  yield  is  the  difference  between  the 
positron  and  electron  data  shown  in  Fig.  7.  (B)  The  “Cu(7,n) 
yield  versus  annihilation  7-ray  energy  for  1.5%  7-ray  resolution. 
These  data  were  approximately  normalised  to  the  data  in  Fig. 
8(A). 
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Fig.  9.  The  uCu(y,n)  cross  section  versus  photon  energy  for 
2%  7-ray  resolution.  The  data  shown  were  corrected  for  the 
emission  of  secondary  electrons  from  the  Faraday  cup,  and  the 
magnitude  of  this  correction  is  also  shown.  See  text  for  discussion 
of  errors. 
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(Ref.  5).  The  latter  data  were  shifted  upward  in  energy  by  2.7% 
js  explained  in  the  caption  of  Fig.  1 1 . The  error  bars  include  only 
the  statistical  uncertainties  in  the  yield  measurements.  See  text 
for  a discussion  of  the  errors.  The  dashed  curve  through  the  present 
data  was  used  in  the  integration  and  is  drawn  on  the  basis  of  the 
data  points,  the  threshold  energy,  and  the  shape  of  the  Livermore 
( data. 


Table  I.  “Cu(7,2n)  cross  sections.  See  text  for  a discussion 
of  errors. 


7-ray  energy  (MeV) 

Cross  section  (mb) 

22.2 

8.0±0.5 

23.7 

10  0±0.5 

25.7 

9.3±0.5 

Table  II.  Integrated  photoreaction  cross  sections  of  “Cu  up 


to  25  MeV. 

Integrated  cross 

Total 

Experiment 

Reaction 

section  (MeV  mb) 

(MeV  mb) 

Present 

(y,n) 

490±40 

(7,2«) 

36±  12* 

(y,pn) 

603=1 5»> 

586±67 

Fultz  el  ai. 

{y,n)+(y,fm) 

515±52* 

(y,2n) 

48±  5“ 

563±57 

» B»*d  on  the  daahed  curve  in  FI*.  12. 

*>  Derived  from  (y.»)  data  of  present  work  and  C(v.»)  -Hy.F*)]  data  of 
Fultz  ei  si.  (Ref.  5). 

• Energy  rcale  of  theae  data  (Ref.  5)  (flirted  by  the  factor  1.027.  Without 
the  ahift  the  result  is  Sit  ±51. 

* Energy  scale  of  these  data  (Ref.  5)  shifted  by  the  factor  1.027.  Without 
the  ahift  the  result  is  56  ±6. 
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Fig.  II.  Level  schemes  of  “Cu  and  ,52Sm  below  1000  keV.  All 
energies  are  in  keV. 
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Summary 

The  cross-sections  of  the  (y,  p)  (y.  d)  reactions  were  investigated.  Li7,  Be*.  C1*,  Si* 
Cu4*,  Mo14  and  Ta1"  targets  were  irradiated  with  the  bremsstrahlung  of  700  and  1200  MeV 
maximum  energy  from  the  Kharkov  PhTI  Ac.  Sci.  UkrSSR  linear  accelerator.  The  photo- 
protons and  deuterons  were  detected  by  the  scintillation  telescope  at  30®,  60°,  and  120* 
with  the  beam.  Possible  mechanisms  of  the  proton  and  deuteron  photoproduction  are  dis- 
cussed. The  qualitative  agreement  of  A dependence  of  the  cross-sections  is  observed  with 
a suggestion  on  the  meson  mechanism  for  these  reactions. 


onuEQ  X l0>>  V WOOMti 


OndEQ 

3I 


2s 

-r 


1.3- 

' i 

12- 

1 - 

«7L 

C.S- 

0.S- 

U 

13  \ 


Jc3T3  "tv* 
2 


H * 


• • 


30 


too 


ISO 


Phc.  1.  3a;ie>KHicTb  nepepi3y  (y.  p)-peawul  bIa  A:  a — 0-30®,  £,-97  Mea-,  5 — £,— 
-205  Mea;  a — 0-60®,  £,,-230  Mea;  1 — £,-157  Mea  (X— a aHi  [3]);  d — 0-120®, 

q £p«  120  Mea,  A — £,— 157  Mea.  > — £,-230  Mea.  AdcoJiioTHe  aHaqeHHR  nepepi3y 

HaaeaeHO  np«  eHeprii  npoTOHia  £,-120  Mea.  Imui  aaHi  HopMOBaHi  ao  nepepi3y  a ah  Lir 

npH  £,— 120  Mea. 

Phc  2 3ane>KHicTi»  nepepiay  (y,  d)-pea«uil  Bia  NZIA:  a — 0 = 30®,  £<-97  Mea;  5 — 0 — 
-30®.  £<  — 205  Mea-,  a-,  a — 0-60®,  £<-97  Mea,  O — O-120®,  £<-97  Mea  (nepepi3R 
HaaeaeHi  b oaiihhuhx  10-“  CM2lcrep  ■ Mea  • Q) . 


form  NBS-418 

(REV.  7*1  4-  04) 
USCOMM-DC  2©010-P04 


u.s.  oepartmentof  commerce 

NATIONAL  9UREAUOF  STANDARDS 


PHOTONUCLEAR  DATA  SHEET  272 


c.  r . 


*_  C.M. 


R.  B.  Begzhanov  and  S.  M.  Akhrarov 
' ZhETF  Pis.  Red.  JLO,  39  (1969) 

JETP  Letters  _L0,  26  (1969) 


Cu 


METHOO 


REF.  NO. 


63 


29 


69  Be  7 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.G 

LFT 

6,8 

D 6,8 

D 

DST 

(90,135) 

Self-Ab sorption. 


6.07.  8.50  MEV 


Results  of  determination  of  the  resonance-level  parameters 


Source- 

scatterer 

<°DP>» 

mb 

eV 

o , 

keV 

Reference 

Pb 

- Zo64 

7.38 

33:4.1 

0.53jfl.l2 

13.70*1 0.13 

This  vork 

T3 

- Mo96 

1.413 

11.2  :1.4 

0.11*0,02 

8.68:  1.17 

It 

Ti 

- La139 

4.413 

14  042.10 

0-23*0.05 

8.0-3:  1.42 

• l 

Ti 

- Bi209 

’7.1? 

1200*230 

022:0.07 

1.84:0.40 

M 

4.996 

1150 

- 

- 

[1] 

7.11 

2600  ±800 

0.42  tO. 14 

- 

[-] 

u 

- Cu65 

4.07 

423  :103 

024:0.06 

99.1:17.4 

This  work 

4.07 

440*130 

0.36  tO. 07 

CD 

Ti 

- Cu63 

[6.07 

215*  71 

0,18 10,04 

17.14:12. 70 

This  vork 

6.07 

200 t 50 

0.1 6±  0.03 

- 

' [6] 

3.10 

22  t 7 

021:0.03 

130:40 

This  vork 

O 

- Cu63 

3.499 

31 

75 

- 

[1] 

3.50 

19  ±6 

023:0.09 

- 

C 5] 

a.io 

36  : 9 

0.47:0.10 

21.36:4.54 

This  vork 

Cr 

- Ca65 

8.499 

80 

10.5 

• 

CU 

3.10 

42  tl3 

0.94:029 

- 

[4] 

7.01 

1150:240 

0,11:0.04 

0.44  :0.12 

This  vork 

Cq 

- Soil? 

7.01 

1000 

— 

— 

[1] 

7.01 

1200  ±4C0 

02  :0.3 

- 

CU 

Kg 

- Mo96 

4,44 

201 i37 

0.12:0.04 

023:3.07 

This  vork 

r O RM  NBS-418 

<R  ev.  7-1  4-S4) 
USCOMM-OC  20010-P64 


PHOTOHUCLEAR  DATA  SHEET  373 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


REF. 


CL  EM.  SYM. 


METHOD 


F.  Dreyer,  H.  Dahmen , J.  Staude  & H.  H.  Thies 
Nucl.  Phys.  A181 , 477  (1972) 


Cu 

REF.  NO. 


63 


29 


72  Dr  2 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,N 

ABX 

11-26 

C 11-26 

ACT -I 

4 PI 

446 


Fig.  -.  Cross  section  for  Cut;',  n)41Cu  from  threshold  energy  to  26  MeV.  (a)  shows  the  cross-section  curve  obtained  with  an  analysis  bin  width 
of  0.5  MeV  using  the  LP  method,  (b),  (c)  and  (d)  show  the  same  cross  section  calculated  from  yield  data  with  the  analysis  bin  widths  of  500  k«V, 
250  keV  and  100  keV  using  the  CLS  method.  The  horizontal  bars  represent  the  FWHM  of  experimental  resolution  and  not  the  uncertainty  in  energy. 
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Tic.  '.  Absolute  cross  sections  of  the  three  reactions  investigated.  The  error  of  the  absolute  scale  is 

estimated  to  be  .8*.. 


Fig.  4.  The  measured  ratios  of  a-,'a+  at  an  energy  of  27  McV  compared  with  thcslraight  line  given 

by  Herring  ei  al.  •). 

^D.  F.  Herring,  I.  G.  Nascimento , R.  B.  Walton  and  R.  E. 
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Abstract:  The  63Ni(p,  p),  (p,  p'/)  and  (p, /)  reactions  were  studied  in  the  vicinity  of  the 

fragmented  analogue  of  the  first- excited  state  of  “Ni.  The  overall  proton  energy  resolution 
was  about  300  eV.  The  /-rays  were  detected  with  both  NalfTI)  and  Ge(Li)  detectors.  Elastic 
and  inelastic  proton  widths  and  partial  and  total  /-ray  widths  were  measured  for  each  of  the 
fourteen  tine  structure  states  of  the  analogue.  Statistically  significant  correlations  were  observed 
between  the  elastic  proton  widths,  the  inelastic  proton  widths  and  the  total  /-ray  widths. 


E 


NUCLEAR  REACTION  S2Ni(p,  p),  (p,  p '/),  (p,  /);  £ = 2.3-2. 7 MeV,  measured 
cr(£),  S3Cu  isobaric  analogue  resonance,  J,  n,  r,  F,,  rt>,  ry{  for  line  structure 

resonances. 


Table  3 


Partial  /-ray  widths  for  the  J'  analogue  state  in  63Cu 


E, 

(MeV) 

r,b) 

(eV) 

E, 

(ksV) 

v> 

(meV) 

Ml  “) 
(W.u.) 

E2a) 

(W.u.) 
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0.143£-02 
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15 

0 

17.3 
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Ab> 

E, 

iy) 

Ml  “) 

E2  “) 

(MeV) 

(cV) 

(keV) 

(meV) 

(W.u.) 

(W.u.) 

2.6508 
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0 

8.6 

0.622£-03 

0.144£— 01 

962 

105.5 

0.109£— 01 

0.317£— 00 
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33.1 

0.408£— 02 
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2.6536  •) 

5 

0 

23.4 

0.1TO£-02 
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14.3 

0.132£— 02 
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62.5 
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56.3 
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10 

0 

12.4 
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12.1 
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0.95 1 £ — 0 1 
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0.21 5£- 00 

1411 
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125 

0 

97.1 

0."02£-02 

0.  Ib2£— 00 
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62.8 

0.576£— 02 

0.156£— 00 

962 

120.0 

0. 1 23  £ — 01 

0.359£— 00 

1411 

42.2 

0.517£  — 02 

0.1 69£— 00 

2.6664 
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53.8 
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2.6675 
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) Resonant  energy  for  resonances  which  are  very  close  to  another  resonance  observed  in  the 
capture  excitation  function. 

b)  They-vaiue  assignment  is  tentative  for  resonances  with  elastic  widths  g 10  eV. 

c)  The  estimated  uncertainty  in  the  -/-ray  widths  is  30  % for  widths  greater  than  50  meV,  50  % 
for  widths  between  10  and  50  meV,  and  100%  for  widths  less  than  lOmeV.  The  limit  of  observ- 
ability for  the  /-ray  widths  is  about  5 meV. 

a)  These  strengths  are  calculated  assuming  that  the  transition  is  either  pure  Ml  or  E2.  If  the 
spin  and  parity  ot  the  final  state  is  unknown,  then  no  entry  is  shown. 
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Fig.  1.  Excitation  function  near  the  p . , 
f$/2‘  and  P3/,2  analog  states  in  Cu. 
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Note.  The  valuea  of  the  raionant  forces  iU+  II  r are  determined  within  10%  for  th* 
care  of  a 90  angle  between  the  directions  of  the  7 rays  and  the  incident  beam.  The  T_  y»Jues 
fivtfn  do  not  incorporatt  tha  angular  diauibution.  T 
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Fig.  2.  Excitation  function  of  the  2Ni(pY)63Cu 
reaction.  The  target  "thickness"  was  15  keV  for 
E =2.5  MeV. 
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Table  2 

Characteristics  of  the  Resonances  of  63Cu 


L •.  ktV 

keV 

I" 

(j/-ri)rf,r..#r- 

eV 

85G7 

2'.8I 

7 1- 

0.4  irrO.AS 

8-797 

3.712 

0.32=o.!u 

86.71 

(7r) 

0.1 1=0.1  a 

SMI 

2.7.71! 

(72-) 

0.26=0.10 

87 '.3 

2G.7-I 

7,- 

0.27=0. 10 

•The  value*  of  the  forces  are  g»v«n  without  allow- 
ance  for  the  angular  distribution  of  the  7 -rays. 
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Fig.  5.  Correlation  between  the  spectroscopic  factors  and  the  cross- 
sections  measured  in  this  work.  Open  staples  indicate  f = 3 piclc-up 
and  cross  hatched  staples  ( t—\  pick-up.  Dashed  staples  indicate 
that  the  cross  section  is  uncertain  due  to  the  subtraction  of  a large 
back-ground 
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Table  2 


Daughter 

nucleus 

Level 

(J* 

(MeV) 

J' 

(mb) 

~Ca 

0 

0* 

<0.2b 

1.16 

2* 

S0.5* 

:,Ti 

0 

0- 

0.41  ± 0.05 

2.68 

4* 

(0.5)* 

f!Fe 

0 

0* 

0.23  ± 008 

3.24'’ 

0*? 

(1.5)* 

!'Co 

0 

7/2” 

2.5  r 0.2 4 

1.76 

3/2* 

1.2  ±0.3 

1.90 

7 2 ~ 

0.9  ±0.2 

2.31 

7 t - 

10.9)* 

‘"Co 

0 

7 “y  - 

3.5  ±0.8 

■:Ni 

0 

0* 

0.51  ±0.09 

1.18 

^ ♦ 

0.2  ±0.1 

* The  quoted  errors  are  only  those  due  to  counting  statistics. 
; Confidence  level  95%. 

Uncertain  because  of  large  background. 

: <r  = 1.4  mb  from  [43], 

43.  Miyase,  H,  Oikawa.S,  Suzuki,  A,  Uegaki,  J„  Saito.  T„  Suga- 
wara,  M„  Shoda.  FC:  The  photoproton  reactions  of  Ni-isotopes. 

In:  Proc.  Int.  Conf.  Photonuclear  Reactions  and  Applications, 

Vol.  I,  p.  553.  Livermore.  USA  1973  (see  Ret  1?) 


FORM  N3S-418 

'REV,  7-14-64) 

USCOMM-N  as-oc 


u.s.  oepartmes T OF 

NATIONAL  9U«£AU0F 


COMMENCE 

ST  ANOAROS 


PHOTONUCLEAR  DATA  SHEET  382 


C.P.  Swann 

Phys.  Rev.  C13 , 1104  (1976) 


EL  EM . SYM. 


Cu 


63 


REF.  NO. 

76  Sw  7 
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RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G t G 

LFT 

1-  5 

C 1-5 

SCD-D 

DST 

The  properties  of  levels  in  ,3Cu  end  **Ca  have  been  investigated  using  the  resonance  fluorescence  technique 
with  bremsstrahlung  serving  as  the  source  of  exciting  radiation.  The  energies  and  scattering  cross  sections  for 
24  levels  in  *3Cu  and  30  levels  in  ‘3Cu  up  to  about  4.3  MeV  were  measured.  A few  levels  known  to  exist  in  the 
region  of  2 MeV  for  both  nuclei  were  not  observed.  For  a number  of  the  lower  lying  levels,  spin  and  parity 
assignments  have  been  made  through  angular  distribution  measurements  and  limits  on  J’’  set  by  others. 

Mixing  ratios  for  a few  of  these  are  also  given.  Where  J ' and  the  ground  state  branching  ratios  are  known  the 
partiai  widths  for  decays  to  the  ground  state  are  presented.  Comparisons  are  made  with  the  predictions  of  the 
latest  theoretical  calculations. 


24  LEV  1.32-4.51  MEV 


form  N3S-al8 
:r  e v . 7- I 4-441 
USC  OMM-N  as-oc 


TABLE  I.  Properties  of  levels  in  63Cu. 


£ 1 

(keV) 

■Jnb 

gr*  2/r 

(meV) 

r0/r c 

To 

(me\T 

1327. 0t5) 

T 

1.28(13) 

0.84 

0.78(8) 

1412. 0tl0) 

5“ 

2 

0.31(6) 

0.72 

0.29(6) 

1547.0(5) 

3-t 

2 

2.53(25) 

0.80 

3.16(32) 

1861.0(10) 

2 \ j ; 

0.42(8) 

0.57 

0.37(7)  (for  \ ) 

2011.1(5) 

3“t 

T 

2.30(28) 

0.56 

5.0(5) 

2062.2(3)* 

2 V 2 ' 

<0.16 

0.20 

<1.6  (for  | ) 

2032.4(10) 

i*t 

0.76(17) 

0.39 

1.3(3) 

2092.7(5)’ 

T l7  ' 

<0.17 

0.10 

<0.8  (for  \ ) 

2337.0(10) 

±~ 

2 

0.23(5) 

0.60 

0.26(6) 

2497.5(10) 

2“ 

3.0(6) 

0.83 

3.6(4) 

2513.2(10) 

2.3(3) 

1.00 

2536.0(10) 

2 

0.5(1) 

0.28 

1.2(6) 

2697.0(10) 

li  3*  1* 
2*2*2 

0.71(35) 

0.34 

2780.1(10) 

r.r-r 

4.5(5) 

0.58 

2858.5(10) 

¥-¥•¥ 

3.7(6) 

0.J6 

2977.3110) 

18(2) 

so. 78 

3045.4(10) 

2.5(4) 

1.00 

3100.9(10) 

0.5(3) 

0.55 

3405.1(10) 

32(4) 

3430.7(10) 

14(2) 

345S.GU0) 

12(2) 

4038(2) 

22(4) 

4117(2) 

18(5) 

4294(2) 

44(6) 

4358(2) 

66(7) 

4513(2) 

97(10) 

a 

b 


The  energies  indicated  with  an  asterisk  were 
The  values  for  J indicated  with  a dagger  are 


taken  from  Ref.  3. 
from  this  study;  the  others  were 


taken  from 


The  values  for  r0/r  were  taken  from  Ref.  10  except  for  the  limit  given  for 
level.  The  observed  branch  is  to  the  670  keV  -j  level. 
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TABLE  III.  Experimental  A,  values  and  resultant  mixing  ratios. 


Nuclei 

wCu 


5Cu 


£y  (keV) 

J' 

A2 

1547 

2 

0.58(9) 

2011 

i~ 

2 

0.75(16) 

2977 

r.r.r 

-0.04(18) 

1725 

2~ 

2 

0.39(7 

2329 

2~ 

2862 

2 

0.38(8) 

2875 

0.09(28) 

3166 

0.43(24) 

3326 

n|m 

1 

w|gi 

1 

-0.18(16) 

0.89(17) 

0-27(5), (1.7(2)) 
0.41(14),  1.4(3) 

0.15(5),  1.8(8) 
0.15(6),  1.9(9) 
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C0MMEfiTS:  f ~ exp(-Bp2) 

B = E 

P4(d2a/dfidpQ) 


*E.GEV.  999=4.5  GEV 


The  A "-dependence  and  momentum  spectra  of  photoprotons  in  the  nuclei  l2C,  21  Ah  “Cu,  "*Sn,  and  201  Pb 
have  been  studied  experimentally  for  maximum  bremsstrahlung  energies  of  2.0,  3.0,  and  4.5  GeV.  The  A - 
dependence  shows  that  the  proton  photoproduction  mechanism  for  E7  > 400  MeV  is  identical  for  the  entire 
kinetic -energy  region  65-280  MeV  and  the  angle  region  45-150*  for  the  secondary  protons  studied. 

The  dependence  of  the  exponent  n on  the  transverse  momentum  pl  is  in  good  agreement  with  the 
dependence  for  protons  produced  in  nuclei  by  primary  protons.  In  the  momentum  spectra  of  the  invariant 
crow  section  / =*  (E/p  *)(d  2<r/d(\dpQ)~exp(  — Bp  h it  is  observed  that  the  parameter  B does  not  depend 
on  the  incident-photon  energy  and  on  the  target  nucleus,  but  depends  on  the  proton-detection  angle. 


FIG.  1.  Differential  cross 
section  for  proton  photopro- 
duction as  a function  of  atomic 
number  A of  the  nucleus  at  E0 
= 2 GeV.  The  lines  a corre- 
spond to  = 60* , b to  90:  and 
c to  150*.  Points:  a — Ep  = 64, 
& — 80,  o— 101,  n— 137,  a— 
209,  and  •— 280  MeV. 


FIG.  3.  The  same  as  Fig. 

2.  Experimental  points: 
a— £,  = 0.13.  O— 0.25,  a — 
0.4,  0—1.2,  o— 2.0,  x — 

3.  0.  and  •— 4.  5 GeV. 


>■.  . OWc 


FIG.  2.  Dependence  of  the  exponent  n in  the  A dependence  of 
the  cross  section  for  the  reaction  yA  —pA  • as  a function  of 
proton  transverse  momentum:  a— £„=2.0GeV,  b— £,=3.0 
GeV,  c— F0  = 4.5GeV.  The  points  for  a and  b:  A — ^ = 60", 

O go*,  c — 150°;  fore:  A — V,=46°.  o — 86°,  o — 136°.  The 

curves  show  the  dependence  of  n on  pL  for  the  reaction 
Aip,  p ')A  ' taken  from  Ref.  9. 


FIG.  4.  Invariant  cross  section  / as  a function  of  p1.  a — for 
E0  = 2.0  GeV,  b — for  F„  = 3.  0 GeV.  Experimental  points:  «, 
a.  ■— for  i>,  = 60°  for  the  respective  nuclei  tJC,  aCu,  and  :®Pb; 
o,  A,  a — the  same  for  = 90°;  x,  +,  o — the  same  for  <>,  = 150°. 
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TABLE  I.  Differential  cross  section  d2c/dtldTQ  of  the  reaction  yA  — pA  ' in  vb/ MeV-sr. 


A 

E-r. 

GeV 

V 

deg 

£p,  MeV 

80 

(01 

137 

209 

279 

“C 

2 

60 

3.720±0.056 

2.630=0.052 

1.907=0.057 

1.425=0.038 

0 725=0520 

0.429*0.016 

90 

*>  “*74*0.045 

1.587*0.047 

1.130=0.039 

0.763=0.022 

0556=0.008 

0.117=0507 

150 

1.152*0,032 

0.690=0.014 

0.505=0.026 

0218*0.007 

0.071*0.005 

0.021=0.002 

80 

4240=0.100 

3.424=0.063 

t.96O±0.043 

1,629*0.048 

0.653=0.024 

0.452=0.019 

3 

90 

1031*0.040 

1.145*0.029 

0.807=0.028 

0543=0.000 

0.088*0.005 

150 

1.360=0.042 

0.377  =0.029 

0.438*0.016 

0500=0.010 

0.057=0.003 

— 

60 

8.460±0.127 

6.014*0.120 

4083*0.109 

3 253=0.097 

1513=0046 

- 

2 

90 

5.920*0.107 

3.750*0.086 

2.502*0.084 

1.718*0.052 

0.603=0.018 

— 

. 150 

3.127  *0.078 

1.797=0.035 

1.189=0.060 

0.644=0.019 

0164=0.011 

77  A1 

3 

60 

9.960*0.239 

7.492*0.131 

* 4.160*0,092 

3.527*0100 

1. 568 =0.058 

0.925*0.037 

90 

6.090*0.130 

4.843*0.107 

2.688*0.076 

1.995=0.065 

0.590*0.021 

0.239*0.013 

150 

3.750=0.103 

1943*0.081 

1.234=0.042 

0.747  =0.025 

0.136*0.006 

- 

46 

9.510*0.250 

_ 

- 

- 

1.320=0.720 

86 

_ 

6.200*0.095 

- 

— 

— 

0.248*0.020 

136 

- 

3.380*0.05 0 

~ 

60 

3 

it 

p 

12 

15.170*0.299 

10.931  *02269 

8.183=0.240 

3.939*0.110 

1115=0.064 

90 

1S.72 1*0.268 

9.757  *0.231 

6.856*0.082 

4.411*0.134 

1.424*0.04 2 

0.743=0.037 

150 

10.592*0-212 

5-217*0.103 

32362*0.165 

1.697*0.050 

0542=0.021 

0.115*0.011 

60 

26.180*0.590 

20.530*0.340 

10500=0.191 

3.594*0246 

3569=0.140 

1.661*0.064 

3 

90 

17.800*0.320 

13.601*0.260 

7.516*0.190 

5.245*0.172 

1.403  *0.048 

0 676*0.032 

154) 

11.6*0*02271 

7334*0.205 

32388*0  107 

2 237*0.075 

0.368*0.017 

0.097  =0.008 

46 

_ 

27.000=0.750 

_ 

- 

_ 

3550*0.180 

4.5 

86 

_ 

17.401*0.250 

- 

- 

- 

0.785=0.060 

136 

- 

9.750=0.150 

- 

- ' 

"•Sn 

2 

00 

43.001=0.538 

30.050*0.593 

19.970=0  587 

13102=0580 

7.137=0510 

_ 

90 

32.550*0-553 

18.890*0.466 

13340*0.428 

8.297=0520 

1588*0.078 

— 

150 

19.571*0391 

10-289*0.203 

6548=0521 

3 032*0.090 

0.585*0.041 

A 

£y, 

GeV 

£p 

, MeV 

64 

SO 

101 

137 

209 

27# 

"•Sn 

3 

60 

55.070=1570 

39  920=0.680 

17.800*0.430 

16.550*0.490 

7020*0.036 

3.873*0.140 

90 

36.600=0.720 

26.260*0  550 

14.370*0.400 

9.544*0.323 

2.664  *0.099 

1.187*0.055 

150 

22-500*0.560 

14.590=0350 

8.251=0  210 

4.103*0.150 

0 664=  0.033 

- 

46 

_ 

53.900*1.400 

_ 

_ 

_ 

5.640*0.320 

4,5 

86 

— 

32-200*0.51 

- 

- 

- 

1.420*0.114 

136 

- 

18550=0290 

- 

0130*0.038 

*»Pb 

2 

00 

80  000=1580 

56.850*1  120 

35.200*1.030 

23  930*0  720 

13.440*0.  W0 

7.745=0  310 

90 

60.990*0.970 

34.080*0.800 

23.690*0  720 

14.220*0  4au 

4.522=0.135 

2.453*0.120 

150 

36.890*0.730 

18.980*0.370 

10.638*0  520 

5.794*0.168 

1.102=0.077 

0.53 1 *0.035 

3 

60 

100.740*2.130 

76.030x1  200 

28.00t0.ij70 

23.000*0  820 

12.810*0  450 

7.092  *0  250 

90 

71.350*1-270 

48.320*0.900 

24.7t*htO  650 

10.420*0.520 

4.580*0  170 

2144*0  120 

150 

42.090*0.970 

27 .240x0.680 

12.150*0.42 

7.294*1  >_250 

1.220=0.064 

0.539*0.039 

40 

_ 

85.000=0350 

_ 

- 

11.600*0.540 

4,5 

m 

_ 

58.780  *0.920 

- 

- 

- 

.1.050*0114 

136 

29.600*0.430 

“ 

“ 

0.465*0.084 

80 

119 

166 

231 

231 

4^ 

46 

5510=0260 

3.670*0086 

1530*0.064 

1.190*0.046 

0.783=0.042 

36 

2.440*0.080 

1.350*0.052 

0.845*0  037 

0.363  *0.0!9 

0.105*0.'*07 

136 

1.330*0.029 

0.427*0.029 

0.196=11.015 

0,045*0.1  s/5 

0.018=0  002 

TABLE  U.  Values  of  the  parameters  in  (GeV/c)'2  in  the  relation  Et!  p\  {d2o/  dtttdptQ)  = f-~  exp(- Bp-). 


Et— 2.  OGeV 

3.0  GeV 

i.j  GeV 

Tarjet 

»p-icr 

150* 

no* 

90* 

150* 

4G* 

SO* 

IW 

>*c 

“Cu 

»Pb 

4.874=0.512 

52500=0.627 

5.204=0.753 

72278*0.482 
1 7 337*0.627 
1 7.005*0.721 

9.461*0.303 

10.473*0.609 

10.088*0.96 

82188=0.806 

6.972=0.939 

6.870=1.514 

3.823=0.497 

8.539=0.622 

8.858=0.783 

10.873*0.977 
11.697*0  944 
10.983*1.188 

8.047  =0.173 

3.066=0.49 

11.262  =0.481 

FIG.  6.  Dependence  of  the  parameter  B from  the  relation 

/~exp( Bp2)  on  the  atomic  number  of  the  target  nucleus.  The 

solid  points  refer  to  Ea  = 2.  0 GeV,  and  the  hoilow  points  to  £a 
= 3.  0 GeV;  the  points  • and  o are  for  =60°.  a and  A are  for 
90" , and  ■ and  a are  for  150°. 
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Fij. I.  a Experimental  absolute  (e.e'n)  cross 
section  for  lIC  together  with  the  results  of 
DWBA  and  PW  calculations,  b Experimental 
absolute  (e.e'n)  cross  section  for  "Cu  together 
with  the  results  of  DWBA  and  PW  calculations, 
c Experimental  absolute  (e.e'n)  cross  section  for 
l0:Ag  together  with  the  results  of  DWBA  and 
PW  calculations 
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Measurements  are  reported  of  the 
tlons  from  the  analog  resonances 

second  excited  states  of  °^Hi  to 
resonances  have  been  determined: 


angular  distributions  of  y-rays  due  to  transi- 
correspondlng  to  the  ground  and  the  first  and 

the  levels  of  ^Cu.  The  spins  of  the  following 
8743  keV  (3/2)  and  8640  keV  (5/2). 


8.57,  8.74, 
8.64  MEV 


Ere*  ^ 

keV 

a* 

«• 

* 

l 

2 

3 

4 

5 

8569  - 0,0 

-0,015:0.00 

-0,07=0,11 

-0,05=0,06 

_ 

8 COO  - Ota 

-0,235:0.22 

-0,42=0.25 

-0,40=0,24 

- 

8500  - 062 

+0,11=0,05 

-0,13=0,011 

+0,05=0.07 

— 

8060-  1326 

-0.2U0.35 

+0,15=0,45 

-0,14=0.21 

— 

8500-  If.  10 

+0,03x0.03 

-0,21=0,03 

-0,06=0,11 

- 

8000  - 1547 

-0,14=0,13 

+0,06=0,16 

-0,11=0,08 

— 

8060  - 2060 

-0,20x0.25 

-0,07=0,31 

-0223=0,15 

- 

8560  - 2U80 

+0.T.‘ixU,07 

-0.00=0,03 

+0,72=0,07 

— 

8560  - 2407 

-0.13x0,13 

+0,42=0,17 

+0,04=0,21 

- 

3560  - 2012 

+ 1,3=03 

+0,13=0,77 

+ 1. 3=0.6 

— 

8560  - 253.', 

+0,07=0,2 1 

-0,12=0,26 

+0.02=0,15 

— 

S5C0  - 2073 

-0,11=0,22 

-0,18=0,26 

-0,19=0,16 

- 

8569  - 28o6 

+0,04  = 0,11 

+0,01=0,14 

+0,01=0,07 

— 

8569  - 2056 

-0,50=0,15 

+0,16=0,10 

-0,42=0,11 

— 

8560  - 2078 

-0,74=0,21 

+0,40=0,27 

-0,50=0,23 

— 

8560-  3100 

-!-0,10±0/»2 

-0,36*0,49 

-0.05=0,32 

— 

S560  - 0127 

-0,27=0,17 

+0,03=0,21 

-0,25=0.10 

— 

8560-  WOO 

-0,24=0.12 

+0,23=0,16 

-0,14=0,13 

— 

8560  - 34  >6 

-0,43=0,53 

+0,10=0,48 

-0,43=0221 

— 

8560  - 0420 

-0,52=0,10 

+0,77=0,14 

-0,18=0,32 

— 

8560  — «fll 

-0,1 1=0.15 

-0,39=0,18 

-0,05=0.22 

— 

3743  - 0,0 

—0,01=0.06 

+0,05=0,07 

+0.03=0,04 

+0223=0.02  or  40<4<-C0 

3743  - 668 

-0,17=0,04 

-0,10=0,06 

-0,22=0,06 

-0,15+0.06  or  +2, 8*0, 5 

8743  - S62 

+0,09=0,02 

-0,03=0,03 

+0,07=0,02 

+°ti4Io;o7  « +2-9±0’3 

8743  - 1410 

-0.10  ±0,0 1 

-0,03=0,01 

-0,11=0,02 

-0,02=0, OS  or  43+1^3 

8743  — 1547 

-0,21=0.63 

-0.07=0,10 

+0.13=0,06 

+0.15=0,10  or  +7<4<-10 

3640  - 0.0 

-0,20=0,01 

-0,10=0.01 

+0,16=0,03 

-0,20=0,01 

8640  - 663 

-0,20=0.15 

+0,02=0,02 

+0.21=0,10 

— 

88  40  — S02 

+0,58=0,4 1 

+0,35=0,50 

+0,68=0,33 

-n,3<«<-o,t 

8640  - 1326 

-0.03=0,15 

-0,26=0,18 

-0,03=0.16 

-6.00=0,11 

8640-  1410 

+0,67=0,40 

+0,12=0,46 

' +0,70=0,28 

-0,3<4<-0,1 

8640-  1547 

+0,24=0.08 

+0,23=0,10 

+0,32=0,13 

—0  *2? 

’ — 0,02 

Pig.  1.  Angular  distributions  of 
y-rays  due  to  transitions  from  the 
analog  resonances  at  8569  (a,  b) 

and  8743  (c)  keV  to  the  levels  of 

^Cu.  numbers  indicated  against 
curves  are  the  energies  of  these 
levels  in  keV. 
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The  total  cross  section  of  hadron  photoproduction  on  C,  Cu  and  Pb  nuclei  is  measured  for  six  energy  values  in  the  range  *Enerqy  in  GeV 

In  GCV"  Th°  ob,alnccl  cross*sect'on  values  for  C and  Cu  nuclei  have  a weak  energy  dependence  at  high  energies  (above 
20  GeV).  The  cross  section  for  the  Pb  nucleus  is  somewhat  higher  in  comparison  with  that  expected,  and" energy  dependence 
ts  not  observed.  The  ^-dependence  of  the  effective  number  of  hadrons  agrees  with  VDM  predictions. 


C 


Fig.  3.  Energy  dependence  of/letT//i  for  C,  Cu,  Pb  nuclei.  For 
comparison  the  data  of  DESY  and  SLAC-UCSB,  and  also  the 
theoretical  curves,  corresponding  to  VDM  and  to  the  case 
when  the  photon  is  —20%  of  the  time  in  a “pure”  state  with- 
out shadowing,  a,  DESY;  c,  SLAC-UCSB;  x , Serpukhov- 

3*  SerPl,khov  [4  j ; VDM; 0.8  VDM  + 0.2  pofn’tlike 

interaction; general  VDM. 


Table  2 

Value  ot  Acff  for  nuclei  C,  Cu,  Pb  for  different  energies  of  7- 
quanta.  Only  statistical  errors  are  given. 


7-quanta  energy 
(CeV) 

17C  MCu 

:o7pb 

12.6-15.0 

0.79  ±0.04  0.77  ±0.04 

0.73  ±0.05 

15.0-17.7 

0.81  ±0.04  0.72  ±0.05 

0.75  ±0.06 

17.7-21.0 

0.87  ±0.4  0.80  ±0.05 

0.85  ±0.7 

21.0-24.6 

0.80  ±0.05  0.74  * 0.07 

0.72  ±0.08 

24.6-27.9 

0.79  ±0.05  0.69  ±0.05 

0.79  ±0.09 

27.9-30.0 

0.71  ±0.05  0.68  ±0.07 

0.75  i 0.13 

^eff  _ 

°t(y.  A) 

A Zofj,  P)  + (A  - Z)o  (y,  n) 

where 

°t(T,p)  = 

(98.7  ± 3.6)  + (65  ± 10)F 

-I/2^b, 

°t(y.  n)  = 

at(f<  p)  - (18.3  ± 6A)£~ 

,/2,b. 

Table  l 

Hadron  photoproduction  cross  sections  (in  ub)  for  C,  Cu,  Pb 
nuclei  for  different  energies  of  7-quanta.  Only  statistical  errors 
are  given. 


7-quanta  energy 
(GeV) 

12C 

64  Cu 

2°7pb 

12.6-15.0 

1084  ±48 

5600  ± 240 

17140  ±1170 

15.0-17.7 

1100 ±43 

5200  ±310 

17480 ± 1140 

17.7-21.0 

irs  ± 34 

5740 ±340 

19630*  1720 

21.0-24.6 

1058 ± 53 

5220  ±460 

16400 ± 1720 

24.6-27.9 

1047  ±55 

4870 ±350 

17920 ± 1920 

27.9-30.0 

930 ±66 

4730  ± 510 

16840  ±2810 
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Analysis  is  made  of  reactions  interfering  with 
photon  activation  analysis  procedures. 

The  activation  yield  curves  have  been  presented  for  a number  of  photonudear  reactions  in  the  energy  range  from  30  to 
68  MeV,  in  order  to  evaluate  quantitatively  the  interferences  due  to  competing  reactions  in  multielement  photon  activation 
analysis.  The  general  features  of  the  yields  as  functions  of  both  target  mass  number  and  excitation  energy  were  elucidated 
from  the  data  obtained,  discussion  being  given  on  the  results  in  terms  of  the  reaction  mechanism. 

Simultaneous  neutron  activation  due  to  appreciable  neutron  production  from  the  convener  and  surrounding  materials 
has  also  been  studied,  and,  finally,  the  magnitudes  of  interferences  in  real  multielement  analysis  were  given  in  the  form 
of  their  energy  dependences. 


E max  ( M 2 V ) 

Fig.  2.  Yield  per  equivalent  quanta  versus  target  neutron  num-  pig  ^ Activation  yield  curves  for  the  reactions  on  Co,  Ni  and 

ber.  Cu. 

3 5<iCo(y,  n)-s,Co.  © ;<,Co(7.  2n)S7Co.  A 58Ni(>\  n)j7Ni. 

7 -*  Nil y.  pn)S6Co.  ▼ ’°Ni(;\  pn)5!Co.  x ;3Nify.  2n)54Ni. 

□ A5Cu(y,  n)64Cu.  S o3Cu(-/.  2n)61  Cu.  O 5-’Culy,  ;m)5SCo. 
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a particles  from  the  electrodisintegration  of  seven  nuclei  with  Z between  29  and  79  have  been  observed. 
Energy  spectra  at  JOT  in  the  laboratory  for  six  nuclei  and  angular  distnbtions  for  five  nuclei  are  reported. 
The  cros*  sections  exhibit  a broad  peak  whose  magnitude  decreases  with  increasing  Z;  the  energy  of  the 

r 2 mtfreases-  An«ular  totributions  at  the  highest  energies  measured  become  increasingly 

forward  peaked  suggesting  a direct-reaction  process. 


Z 


FIG.  3.  Energy  of  the  cross  section  peak  as  a function 
of  Z.  The  solid  line  is  the  energy  of  the  classical 
Coulomb  barrier.  The  closed  circles  are  the  current 
work;  the  open  circles  are  from  Ref.  1.  r. 


FIG.  1.  High  energy  angular  distributions  for  copper 
(Z  = 29).  The  expected  forward  peaking  due  to  the  Im- 
portance of  the  direct  process  is  seen. 
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FIG.  4.  Magnitude  of  cross  section  peak  as  a function 
of  Z.  The  closed  circles  are  the  current  work;  the 
open  circles  are  from  Ref.  1. 
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A beam  of  quasi  monochromatic  photons  at  energy  12-25  MeV  has  been  utilized  to  measure  the  cross 
section  for  the  ,lCu(j',rt)  reaction  by  detecting  the  induced  beta  activity  with  a two-crystal  scintillation 
gamma  spectrometer.  The  results  are  in  good  agreement  with  Ref.  12  and  differ  appreciably  from  other 
data  obtained  in  bremsstrahlung  beams. 

PACS  numbers:  25.20.  + y 


0.  mb 


FIG.  5.  Cross  section  for  the  reaction  “Cuiy,  n).  Solid 
curve — data  of  Ref.  12,  dashed  curve — data  of  Ref.  11, 
points— our  data  (the  errors  are  statistical). 
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Experimental  data  are  presented  on  the  inclusive  photoproduction  of  protons  in  the  nuclei  l2C,  24Mg. 
“Cu,  “'Sn,  and  20*Pb  irradiated  by  bremsstrahlung  with  maximum  energies  0.13  and  0.23  GeV.  The 
regions  of  angles  30-90*  and  of  photoproton  momenta  0.24-0.48  GeV/c  were  studied. 

PACS  numbers:  25.20.  + y 


FIG.  2.  Relative  yields  of  photoprotons  as  a function  of  emis- 
sion angle;  experimental  points:  O,  •— for  pp  = 0.29  GeV/c; 

* — 0.34  GeV/c;  3,  ■ — 0.40  GeV/c.  The  hollow  points  are 
for  - 0.25  GeV  and  the  solid  points  for  £rnmi=  0.13  GeV: 
a— for  l2C,  b — for  aCu,  c — for  :03pt>. 


FIG.  3.  Momentum  spectra  of  protons.  The  experimental 

points  are  as  follows:  O and  • — for  12C,  n — for  °Cu.  □ for 

20*Pb.  The  hollow  points  are  for  FTiml=0.25  GeV  and  the  solid 
points  are  for  £,^,=  0.13  GeV;  a— for  3,  = 30*.  b— for  3,  = 60", 
c — f°r  -3^=90°.  The  lines  have  been  drawn  through  the  experi- 
mental points  by  the  method  of  least  squares. 


TABLE  II.  Values  of  the  exponent  n in  the  A"  dependence  of 
the  proton  yield  in  reactions  (2)  and  (3). 


E.-O.Ii  G.V 

£t-0.  13  GeV 

dtg 

Pp.  GeV/c 

Pp.G <Vlc 

0.2* 

0.34 

0.40 

0.29 

0.34 

30 

l.lo±o.04 

1.17*0.04 

1.20*0.03 

0.59*<U« 

0.62*0.06 

60 

— 

1.17*0.02 

122*0.03 

_ 

00 

1.02±0.03 

1.11*0.03 

1.24*0.05 

- 

- 
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FIG.  5.  A -dependence  of  the  photoproton  yield  In  reactions  (2) 
and  (3).  Experimental  points  for  £rBU  = 0-25  GeV:  circles— 
pt  = 0.29  GeV/c;  triangles — p>=0.34  GeV/e,  squares — p,  = 0.40 
GeV/c;  half-open  symbols — for  3>  = 30*,  open  symbols — 0,= 

= 60”,  solid  symbols — 0,  = 90“,  for  £,^=0.13  GeV:  O — pp 
= 0.29  GeV/c,  3,  = 30“;  *—pp  = 0.34  GeV/c.  3„  = 30“.  f?  = lines 
have  been  drawn  through  the  experimental  points  by  the  method 
of  least  squares. 
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The  reactions  “C— »"C  and  “Cu— *“Cu  have  been  studied  by  the  induced-activity  method  at  electron  and 
photon  energies  from  0.32  to  1.2  GeV.  Activation  of  the  targets  was  carried  out  directly  by  an  electron  beam. 
The  use  of  targets  in  the  form  of  stacks  permitted  cross  sections  to  be  obtained  for  photodisintegration  and 
electrodisintegration  of  the  nuclei.  Comparison  of  the  experiment  with  theoretical  calculations  in  the  plane- 
wave  approximation  indicates  a dominant  role  of  E 1 transitions  of  photons  in  these  reactions. 


PACS  numbers:  25.20.  + y,  25.30.Cg,  27.20.  + n,  27.50.  + e 


FIG.  2.  The  same  as  Fig.  1 but  for  the  reactions  63C(,7#<  J)62C. 
Points:  o — Results  of  the  present  work  and  Ref.  3,  • — Ref.  7, 
o—  Ref.  9, x — Ref.  10,  +— Ref.  5. 
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‘tbstract:  Tne  angular  dependences  of  proton  photoproduction  from  the  nuclei  12C,  S3Cu  and  :08Pb 
irradiated  by  bremsstrahiung  y-quanta  with  maximum  energy  4.5  GeV,  both  in  the  cumulative 
region  (i.e.  in  the  kinematical  region  in  which. the  production  of  protons  in  the  collision  of  y-quanta 
of  the  given  energy  with  the  quasi-free  nuclear  nucleon  is  forbidden)  and  in  the  non-cumulative 
region,  are  investigated.  The  experimental  data  obtained  are  compared  with  the  results  of 
theoretical  calculations  of  cumulative  proton  photoproduction  according  to  the  following  models: 
the  "quasi-two-body"  scaling  model,  the  low-nucleon  correlation  model,  the  fluctuon  model  and  the 
cluster  model. 


999=4.5  GEV 


NUCLEAR  REACTIONS  12C,  MCu,  ‘nsPb(y,  p),  E = 4.5  GeV  bremsstrahiung;  measured 
criEp,  9pj;  deduced  reaction  mechanism.  Natural  target. 


Vp  f&e^zrfsj 

Fig.  4.  The  same  as  in  fig.  3 for  63Cu. 
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Y.  Cauchois,  H.  Ben  ABdelaziz, 
RY:  Phys.  G7,  1539  (1981  ) 


ELEM.  SYM.  A Z 


METHOD 


Cu 

REF.  NO. 


63 


29 


81  Ca  2 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,G 

LFT 

1 ,1 

C Q - 2 

SJM 

(1.327,  1.412' 

1.327,1.412  ME V 


Abstract.  Lifetimes  of  49  excited  states  below  1.65  MeV  have  been  measured  in  ‘4Mg.  Z'AI. 
“Ti.  !SNi.  3,Co.  4,‘2Ni.  43,43Cu.  M M-6*Zn.  75 As.  103Rh,  ll3u3In.  ‘“•"‘•‘“Sn  and  ,2U23Sb 


by  means  of  nuclear  resonance  fluorescence  experiments.  The  levels  are  excited  by 
bremsstrahlung  x-ray  photons.  The  self-absorption  technique  applied  to  suitable  cases 
provides  nuclear  absorption  cross  sections,  widths  and  lifetimes  from  which  the  x-ray 
spectral  distributions  are  also  obtained.  Scattering  experiments  are  performed  for  all  other 
cases  in  order  to  obtain  widths  and  lifetimes  from  these  x-ray  photon  curves.  The  Compton 
effect  in  the  sample  is  taken  into  account.  Self-absorption  provides  gf  o from  which  f is 
deduced  using  adopted  J " and  ["o/T  values:  scattering  provides  u =g(r5/Dlf'(0)  from 
which  f is  also  deduced  with  J.  r0/T  and  mixing  ratios  taken  from  the  literature.  Thanks  to 


simultaneous  determination  of  the  x-ray  spectra  all  the  lifetimes  as  given  by  our  programs 


with  their  statistical  errors  form  an  unusually  coherent  set  of  values. 


NUCLEAR  REACTIONS  (v.  ■/).  bremsstrahlung  excitation:  natural  isotopes;  "4Mg, 
27AI.  “Ti.  <aNi.  5,Co.  4,'42Ni.  43,43Cu,  64  “ s,Zn.  75As.  l0JRh.  n3  ll5In,  "‘•“,-120Sn 
and  l2‘'123Sb;  £ :=  0.5- 1.65  MeV ; measured  gf0  or  deduced  T ,/2. 


Tableau  2.  Resultnts  des  inesures  des  niveaux  ctudics  par  self-absorption. 


Table  2.  Results  obtained  using  the  self-absorption  method. 


Isotope 

Energie 

(keV) 

J * 

r* 

Jo 

To/T 

g[~ o (meV) 
ce  travail 

r (ps) 
ce  travail 

^ref  (PS) 

References  + 

5,Co 

1 190.0(3) 

1- 

1 

11.3(5) 

0.0729(32) 

0.080(4) 

Kim ( 1976) 

43  Cu 

669.62(5) 

1 

1.19(4) 

0.27700) 

0.297(9) 

Auble  (1979b) 

43  Cu 

962.06(4) 

j 

\- 

I 

1.25(6) 

0.792(38) 

0.851(43) 

Auble  ( 1979b) 

43  Cu 

1547.02(6) 

j- 

0.803 

2.60.7) 

0.200  3) 

0.1601 16) 

Auble  ( 1979b) 

45Cu 

770.6(2) 

i- 

3 _ 

l 

1 

2.18(13) 

0.151(9) 

0.13(4) 

Auble  ( 1975a) 

43  Cu 

1 1 15.54(4) 

5 " 

\ ~ 

1 

2.47(28) 

0.400(45) 

0.38(2) 

Auble  (1975a) 

ll3In 

1132.57(3) 

ii  * 

<j , 

1 

8.59(48) 

0.0920(51) 

0.092(5) 

Cauchois  et  al  ( 1977) 

"3In 

1463.5(12) 

2* 

?* 

0.942 

5.22(66) 

0.09502) 

0.09502) 

Cauchois  et  al  ( 1979) 

t References  pour  les  colonnes  3.  4.  5 et  8 de  ce  tableau. 
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Tableau  3.  Resultats  des  mesures  des  niveaux  etudies  par  diffusion. 
Table  3.  Results  obtained  using  the  diffusion  method. 


u=g(VllV)W(0)  r(ps) 


Isotope 

Energie  (keV) 

J' 

Jo 

r0/r 

6 

(meV) 

ce  travail 

r,cr  (ps) 

References  t 

24  Mg 

1368.59(4) 

2* * 

0" 

i 

E2 

1,08(13) 

1,76(21) 

1.98(4) 

Endt  et  van  der  Leun 

1* 

3* 

(1978) 

"Al 

1014.45(3) 

0,971 

+ 0,351(12) 

0,186(13) 

2,20(16) 

2,12(8) 

Endt  el  van  der  Leun 

(1978) 

“Ti 

983.512(3) 

2 - 

0‘ 

1 

E2 

0.282(23) 

6.74(55) 

6.1(13) 

Been (1978) 

!,n, 

1454,45(15) 

2' 

0* 

1 

E2 

2,11(26) 

0.90(11) 

0,92(3) 

Kocher  et  Auble 

3- 

(1976) 

5,Co 

1099.224(25) 

1 

(E2) 

0,069(8) 

4,79(55) 

3,17(58) 

Kim  (1976) 

!,Co 

1458.8(3) 

V- 

\~ 

0,91 

(E2) 

0.68(8) 

1,17(14) 

1.52(16) 

Kim  (1976) 

!,Co 

1480.9(3) 

i- 

?- 

0.8 

<0.35* 

1,23(15) 

0,254(31) 

0.31(3) 

Kim  (1976) 

“Ni 

1185,7(6) 

3- 

0.77(8)' 

10,141 

1,88(49) 

0.21(5) 

0,16(3) 

Andreev  et  al  (1974) 

42  Ni 

1172,91(9) 

2* 

0' 

1 

E2 

0,88(17) 

2,15(42) 

2.09(3) 

Halbert  (1979a) 

*3Cu 

1327,00(7) 

0.84 

(E2) 

1.04(14) 

0.84(11) 

0,88(4) 

Auble  (1979b) 

*3Cu 

1412,05(4) 

3- 

0,72 

+ o.6ii:?! 

0,260(38) 

1,90(28) 

1.61(3) 

Auble  (1979b) 

MZn 

991.54(7) 

2* 

0* 

1 

E2 

0.640(54) 

2,97(25) 

2,60(13) 

Halbert  (1979b) 

*3Cu 

1431.83(5) 

5" 

3- 

0.85 

(E2) 

1,13(19) 

0,79(13) 

0,49(5) 

Auble  (1975a) 

**Zn 

1039.37(6) 

2 * 

0* 

1 

E2 

0,70(6) 

2.71(23) 

2,25(15) 

Auble  ( 1975b) 

MZn 

1077.38(5) 

2 * 

0* 

1 

E2 

0.70(6) 

2,71(23) 

2.34(23) 

Lewis  (1975) 

75As 

572.5(10) 

l- 

3' 

ld 

0.39b 

0,236(26) 

4,14(46) 

3,5(9) 

Horen  ct  Lewis  ( 1975) 

75  As 

323.0(10) 

7- 

2 

3* 

0.86“ 

(E2) 

0.214(22) 

4.27(43) 

3.5(3) 

Robinson  et  al  ( 1967) 

75  As 

865.5(10) 

3* 

3~ 

0.83d 

C 

0,78(6) 

0,863(68) 

0,60(12) 

Celliers  et  al  (1977) 

75  As 

1076.0(10) 

r 

r 

0,94  d 

0.3  8d 

1,97(13) 

0,287(19) 

0.32(7) 

Celliers  et  al  (1977) 

73  As 

1128.5(10) 

i* 

3- 

1 

Eld 

0,224(24) 

1,47(16) 

— 

7,As 

1 349.0  10) 

3* 

0.67d 

0.20“ 

1.61(29) 

0,180(32) 

0.12(3) 

Wilson  (1970) 

75  As 

I370.(k  10) 

3 

3- 

0.47d 

0.47“ 

0.64(13) 

0.218(44) 

— 

103  Rh 

803.1(2) 

l- 

3" 

0.70 

M 1 

1.851 16) 

0.174(15) 

— 

Harmatz  ( 1979) 

lu)Rh 

1277.0(2) 

3 

j 

0,75 

-0.62(301' 

0.81(9) 

0.87(10) 

1.3(9) 

llarniatz  ( 1979) 

mln 

1 177(1) 

V* 

?* 

1 

+ 0.5(2) 

9. 1 (S) 

0.086(8) 

0.10(6) 

Tuttle  et  al  (1976) 

l,3In 

1510(1) 

9 . 
2 

0.935 

-o.iiiii 

6.4(9) 

0.071(10) 

o.i  i}:4! 

Tuttle  et  al  ( 1976) 

"5In 

1077.7(10) 

S * 

V 

0.8!' 

(E2) 

0.159(24) 

1.61(24) 

1.23(7) 

Tuttle  et  al  ( 1976) 

"!ln 

1290.59(3) 

V* 

j* 

0.9SJ 

( E2) 

1.31(1 1) 

0.66(6) 

0.55(4) 

Tuttle  et  al  ( 1^76) 

“5ln 

1448.78(3) 

r 

j- 

0.86 

-S' 

0.90(1  l) 

0.50(6) 

0.52(20) 

Tuttle  er  al  ( 1476) 

"sIn 

14,86.11  I) 

j . 

?* 

0.-87 

-0.8r 

0.63(9) 

0.63(9) 

0.4(3) 

Tuttle  et  til  ( 1976) 

u5In 

1497.2(4) 

(!') 

i- 

< 1 

(E2) 

1.33(16) 

<0.30(4) 

— 

ll!ln 

1607.8(15) 

(3*) 

$ 1 

(E2) 

1.54(24) 

<0.26(4) 

— 

"*Sn 

1293.54(2) 

7 - 

0* 

1 

E2 

3,58(37) 

0.53(6) 

0.522(14) 

Carlson  et  al  ( 1975) 

"'Sn 

1229.64(4) 

2 * 

0’ 

1 

E2 

2,75(28) 

0.69(7) 

0.67(2) 

Carlson  et  al  ( 1976) 

l20Sn 

1 171.6(2) 

2 * 

0* 

1 

E2 

1.83(16) 

1,04(9) 

0.91(2) 

Kocher  1 1976) 

,21Sb 

1023.5(10) 

]' 

( * 

1 

10.571* 

3.69(34) 

0.228(21) 

0.20(7)” 

Tamura  et  al  ( 1979) 

,2,Sb 

1105.5(10) 

?* 

7* 

2 

0.4 

— 

0.47(4) 

0.42(4) 

0.4  1(8)” 

l21Sb 

1142.5(10) 

V 

V 

0.6 

(E2) 

0.85(8) 

0.449(40) 

Booth  et  al  ( 1973) 

l2lSb 

1384.0(  10) 

i- 

5 , 

1 

10.451* 

4,7(5) 

0.092(10) 

0.088(14)’' 

Booth  et  al  ( 1973) 

,23Sb 

1029.5(10) 

9* 

2 

7 * 

1 

;0.571« 

2.96(27) 

0.272(25) 

0.26(4)” 

Booth  et  al  ( 1973) 

l23Sb 

1086.5(10) 

9 • 

7 * 

1 

|<)i  > i.26* 

1.06(9) 

0.67(6) 

0.72(15)” 

Booth  ct  al  ( 1973) 

+ References  pour  ies  colonnes  3.  4,  5.  6 et  9 de  chaquc  ligne,  sauf  indication  appelee  au  has  do  cc  tableau.  Ih'ur  les  autres  donnees  se  reporter  au 

Remarque.  Pour  caiculer  o1  quand  nous  ne  disposons  que  de  3(E2).  pour  un  melange  (E2)  + (MI).  nous  deduisons  ^ro(Ec)xSfE2)£r  . en 
admcttam  IH£/)-l  et  cunnaissant  T0.T.  notre  determination  de  u donne  une  premiere  approximation  de  gEo  d’ou  une  valeur  de 
a1  =0fro(E2))/0?r->  — A'ToiE2))  qui  permet  d’ameliorer  llfftf)  et  tfTo  de  proche  en  proche. 

* Swann  ; 19' I);  3 Robinson  ei  all  1967):  : lf'09>  = 0.99  calcule  d'apres  la  formule  de  Celliers  et  al  (1977):  “ Abbondanno  <?/«/(  1 978);  ' Sayer  el  al 
( ls)7;).  Tuttle  et  al  1 1976);  ‘d’apres  fl(E2)  de  Barnes  et  ai  (1966);  11  calcule  d'apres  Booth  et  al  (1973); ' Williams  et  al  ( 1975):  > Dietrich  et  al 
1 1970). 
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ref.  M.N.  Martins,  E.  Wolynec,  M.C.A.  Campos 
Phys.  Rev.  C26,  1936  (1982) 

ELEM.  SYM. 

Cu 

A 

63 

Z 

29 

METHOD 

REF.  NO. 

82  Ma  3 

egf 

REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  . RANGE 

E,A 

A8X 

6-34 

0 14-34 

ACT- 1 

4PI 

E,2N 

ABX 

20-34 

D 14-34 

ACT- 1 

4PI 

The  ( e,a ) cross  section  for 

MCu  has  bee 

m measured  in  the  electron  energy  range  14—34 

MeV.  The  results  have  been  analyzed  using  the  distorted-wave  Bom  approximation  £ 1 
and  £2  virtual  photon  spectra  and  the  E 1 and  £2  components  of  the  corresponding  (y,a  ) 
cross  section  were  obtained.  To  assess  the  accuracy  of  the  virtual  photon  analysis,  the 
(e,2n ) cross  section  for  “Cu  was  also  measured  and  the  obtained  ( y,2n ) cross  section  is 
compared  with  direct  measurement  of  this  cross  section  performed  with  annihilation  gam- 
ma rays. 


NUCLEAR  REACTIONS  65Cu (e.a)  and  63Cu(e,2/i).  Measured 
o,.a(£o)  and  <r,.:«(£0).  Deduced  cf,’a(£),  <r£*  (£),  and  a £>„(£). 


FIG.  3.  cr,.2n(£0)  for  6'Cu  (circles)  and  the  yield  of 
electrodisintegration  plus  photodisintegration  (squares). 
The  smooth  curves  are  the  best  fit  to  the  data  and  were 
obtained  by  combining  the  histogram  shown  in  Fig.  5 
with  the  £ 1 virtual  photon  spectrum  and  the  Davies- 
Bet  he-Maxt  mom  (DBM)  bremsstrahlung  cross  section  in 
Eqs.  (1)  and  (2). 


F O RM  N3S-418 

IR  E V . 7-1  4-«4> 
JSCOMM-OC  2«0t0-P«4 


FIG.  5.  6JCu(y,2n>  cross  section.  The  histogram  is 
the  result  derived  from  this  work  and  the  points  show  the 
measurement  of  Fultz  et  al. ' 


1.  5 
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ELECTRON  ENERGY  CM.V5 
FIG.  6.  Ratio  of  measured  to  calculated  (e.2n)  cross 
section  (circles)  and  measured  to  calculated  yield  of  elec- 
trodisintegration plus  photodisintegration  Unangles). 
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Ref.  P.  Erdos,  P.  Scherrer,  P.  Stoll 
Helva.  Phys.  Acta  ^0,  639  (1957) 


Elem.  Sym. 


Cu 


65 


29 


Method 


Betatron;  a yield;  radioactivity;  Cu^(y,n)  reaction 


Ref.  No. 

57  Er  1 


NVB 


Reaction 


EoriE 


$a 


dE 


J "■ 


Notes 


Cu°5  (y,a) 


Bremss. 

32 


10±2  MeV-rnb 


Based  on  yield  measurement. 
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Ref.  W.L.  Bendel,  J.  McElhinney,  R.A.  Tobin 
Phys.  Rev.  Ill,  1297  (1958) 


Elem.  Sym. 


A 


Z 


Method 


Cu 

Ref.  No. 


65 


29 


Activation 


58  Be  1 


EH 


Reaction 

E or  AE 

E 

0 

r 

J n- 

Notes 

(Y*n) 

E = 9.89±0. 11  based  on  (y , n)  thres- 

19  lit  12 

holds  in  F , N and  C . 
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Ret.  M.J.  Attken,  N.  Middleraas 

Phys.  Rev.  117,  1111  (1960) 


Elem.  Sym. 

Cu 


65 


29 


Method 


Bremss.;  activation 


Ref.  Mo. 

60  Ai  1 


JHT 


Reaction 


E or  AE 


S" 


dE 


J " 


Notes 


65- 


(7,3n) 


Bremss . ; 

E = 2£ 
/max 


.8-110MeV 


33±2  MeV 


no 

0.037±.004j  Mev-bam 


Determined  ratio  of  Cu 

r 63.  . „ „ 65 

Cu  (/, n)  — 


produced  by 


and  Cu'"'(7,3n)  in  normal 
copper  as  function  of  bremss trahlung 
energy.  See  Table  II. 


Fio.  I.  Cu“(v,Jw)Cu*  yield  curve:  R is  the  redo  ai  Cu*  Activity 
induced  in  equal  weights  ai  Cu*  sad  Cu*. 


Tea  lx  L Tie  ratio  ai  Co*  activities  anxmewd  in  Cu* 
sad  Co*  by  brenastrahlung  basins. 


Bremsstrahlung 

energy 

Mev 

Ratio  of  activity  in 
copper  and  Cu4* 
Cu*/Ca 

no 

0.0444=0.0007 

70 

<10411=00007 

ao 

0.0356=0.0017 

50 

0.0350=00010 

3«a 

0.0235=0.0017 

35 

0.0205=00014 

53.8 

0,0070=00028 

28.8 

00017=00021 

Table  EL  Error  introduced  into  obooiute  intensity  calibration 

of  bremactrohlung  beams  by 
Ca“(y,3»)  is  not  Allowed  (or. 

the  Cu*,(7rji)Ca*  reaction  when 

Biansttrahhrag 


Mev 

% 

40 

0.9=00 

50 

1.1=00 

70 

1.3=02 

110 

1. 4=0.2 
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...  >'  Gelier,  J.  Halpern,  and  E.  G.  Muirhead 
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Cu 


65 


29 


METHOD 

Betatron;  neutron  threshold;  ion  chamber 


REF.  NO. 

60  Ge  3 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RAN  QE 

TYPI  RANGE 

G,N 

N0X 

THR 

C THR 

BF3-I 

4 PI 

THRESHOLD 


Tablk  I.  Summary  and  comparison  of  neutron  separation  energies  inferred  from  present  threshold  measurements  with  values  predicted 
from  mass  data  and  reaction  energies.  All  energies  are  expressed  in  the  center-of-mass  system  in  Mev, 


It  ruction 


No.  runs 


Present  results 


Other  results 


Method 


Reference 


Cu“(7,»)Cum 


9.896±0.028 


9.913±0.006 
9.89  ±0.11 


mass  data 
threshold 


• K.  S.  Quisenberry,  T.  T.  Scolman.  and  A.  O.  Nler,  Pbya.  Re».  104,  441  (1954). 
k See  reference  2. 

1 See  reference  3. 
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Ref.  G.E.  Coote,  W.E.  Turchinetz,  I.F.  Wright 
Nuclear  Phys.  25,  L68  (1961) 
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Cu 
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Mecnod 


7 

Li  (p,y)  source;  activation;  Nal 


Ref.  No. 

61  Co  2 


JHH 


React 


E or  A E 


a d E 


J rr 


Notes 


(Tj  n) 


a = 70 ±7  mb  relative  to  59-6  mb  for 

Cuw^(Y,n),  measured  for  kLO  kev  (E 

7 P 

resonance  radiation  from  Li  . 
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Fig.  2.  Angular-correlation  data.  The  solid  curve  represents  the 
fit  of  the  data  tor  A 2 = 1 .02  and  A 4 = 0.07.  The  dashed  curve  shows 
the  theoretical  angular  distribution,  corrected  for  the  finite  angular 
resolution,  for  the  assumption  of  pure  £2  transitions  for  a spin 
sequence  of  j — 3.  The  two  curves  are  normalized  at  120°. 
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Table  II.  Measured  values  of  the  total  lifetime  r. 


(10->>sec) 

Method 

Reference 

4.4±1.1 

6.5±1.6 

Doppler  shift 
Resonance  fluorescence 
Resonance  fluorescence 

Eswaran  el  al.  (Ref.  8) 
This  work 

Kaipov  el  al.  (Ref.  9) 

W(CosG) 


1 + A^P2  (cose) 
+ a^p^  (cose) 


Table  III.  Summary  of  properties  of  the  1.114-MeV  state. 
Rows  ' And  8 give  the  ratio  of  the  observed  transition  probabilities 
to  the  VV  eisskopr  estimate*  for  the  £2  and  J/l  transitions,  re- 
spectively. (£=1.2A‘'»x:0-15  cm.) 


B(£2)i  = (0.019±0.001)e»X10--u  on* 
r(£2)  = (2.60±0.14)  X 1&-1  sec 
= (0.06o±:0.008)  {e-h/lMc)' 
t(MI)  = (6.7±0.8)  X 10-11  sec 
r = 5.3_o.4+0'‘X10-u  sec 

rsl.JS.a.n^MXtO-'  »v 

T(E2)/T(E2)W=  12 
r(j/i)/ra/i)„=o.034 
5=-0.51i0.03 


• D.  H.  Wilkinson  in  Suclear  Spectroscopy,  edited 
Seiove  (Academic  Press  Inc..  New  York.  1960),  p.  8S8. 
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Fig.  6.  Total  cross  section  [_a(y,n)+2(r(y,2n)+<r(y,nj>)2  for 
Cu46  obtained  from  single-neutron  counting  data. 
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PHOTON  ENERGY (MeV) 


i :G.  ".  Partial  cross  sections  for  Cu66.  The  top  curve  consists 
: j[-,n)-rv(y,np).  The  lower  curve  consists  of  a{y,2n)  and  was 
sained  from  double-neutron  counting  data. 
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Fig.  8.  The  data  points  represent  the  sum  r(y,n)+v(y,*p) 
+v(y,2 n).  The  dashed  line  represents  the  nuclear  formation  cross 
section  a{y,n)-r<r{y,2n)y-a{rf,np)+<r{y,p)  for  which  the  <r(y,p) 
data  was  obtained  from  Ref.  20. 
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Table  I.  Integrated  cross  sections  up  to  28 
MeV  for  copper  isotopes. 


Element 

Reaction 

Integrated 
cross  section 
(MeV-mb) 

Fraction 
of  total 
inte- 
grated 
cross 
section 

Total 

(MeV-mb) 

Natural  Cu 

525±52 

0.67 

\y,2n) 

110±11 

0.14 

( y,P )•  ~ 

152±50 

0.19 

787±113 

Cu“ 

(y,*)+(y,np) 

523±52 

0.89 

4- direct 

(7,2  n) 

80±8 

0.11 

(7  ,np)h 

115±20 

0.15 

(7  ,/>)* 

161  ±48 

0.21 

(7 ,«) 

344±34 

0.45 

direct6 

64±22 

0.08 

764±  09 

Cu" 

(y,»)  + (y,np) 

437  ±43 

0.57 

(7,2 ») 

195±19 

0.25 

(7  ,py 

134±40 

0.18 

766±103 

• Calculated  from  evaporation  theory. 
b Estimated. 

• See  Ref.  20. 


Table  II.  Cross  section  for  Li  gamma  rays. 


Natural  Cu 
»(7,») 
(mb) 

Cu" 

<r(y,n) 

(mb) 

Cu" 
<r{  7,») 
(mb) 

Reference 

120±30 

* 

55±12 

52  ±11 

b 

48±8 

e 

85±15 

80±14 

d 

64±10 

60±9 

• 

38d=6 

64±4 

s 

59±6 

70±7 

h 

61  ±6 

55±6 

66±6 

Present 

work1 

Table  III.  Quadrupole  moments  and  Lorentz  line  parameters. 


Nuclear 

shape 

E+ 

Isotope  (MeV) 

<Ta  Pa  Eb 

(mb)  (MeV)  (MeV) 

9b 

(mb) 

r* 

(MeV) 

Oo 

(b) 

Prolate 

Cu« 

16.00 

48.5 

3.5 

19.0 

44.5 

7.5 

1.1  ±0.4 

Spheroid 

Cu‘‘ 

16.00 

54.7 

4.2 

19.25 

62.0 

7.5 

1.2  3:0.4 

Oblate 

Cu« 

16.50 

62.5 

5.0 

21.2s 

22.0 

7.1 

-1.4  ±0.4 

Spheroid 

Cu“ 

16.75 

87.5 

5.0 

20.5 

36.4 

6.0 

-1.13=0.4 

Table  IV.  Integrated  nuclear  formation  cross  sections  and  <r_2  values. 


ru 

l *dL 

n* 

/ vdE+W 

0.06:VZ/.l 

<7-2 

0.00225  A*1* 

Isotope 

(MeV-mb)* 

(MeV-mb)6 

(MeV-mb) 

(mb/MeV) 

(mb/MeV) 

Cu" 

764±109 

913±  121 

939 

2. 1=0.3 

2.4 

Cu" 

766±103 

960±124 

964 

2.6±0.3 

2.4 

• The  integrated  crow  sections  include  estimated  contributions  from  (y.fi)  reactions. 

< The  correction  "W"  Is  the  sum  of  the  high,  and  loveenargy  wing  corrections  to  the  arse  under  the  resonance  curves  for  the  oblate  case. 
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26.6  MeV. 


form  N0S-418 

[R  EV.  7-U-MI 
USCOMM-OC  26  01  0-PS4 


PHOTONUCLEAR  DATA  SHEET  417 


U.S.  DEPARTMENTOF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


F.  R.  Metzger 

Phys.  Rev.  171,  1257  (1968) 


ELEM.  5YM. 


Cu 


65 


29 


METHOD 


REF.  NO. 

68  Me  3 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,G 

LFT 

1 

D 1 

NAI-D 

DST 

• 

Angular  distribution  gives  E2/M1 
6 = -0.437  ± 0.015 


1 = 1.116  MEV 
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cos'  0 


Fly.  2.  - a)  Angular  distribution  of  resonantly  scattered  photons  in  “Cu.  The  solid  lino  is  the  least- 
square  fit  through  the  data  points.  = 0.37  > 0.01,  ir*(S)  = 1 — a cos*  9 ~r  b cos4  0,  u — 0.56  ± 0.04. 
6 <0.21.  6)  Parametric  plot  of  .1,.  and  J;1  r«.  »'  = 0/(1  -r  \*\).  The  experimental  values  J,,  = 0.3d± 
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Table  4 


Upper  limit  o Cr0.U\  the  temperature  variation  ratio  RT,  and  the  self-absorption  ratio  R 


Seatterer 

r.o 

1 oU 

RrJ) 

R(%)6) 

(y-souree) 

(MeV) 

(415%) 

<“3Cu(Ti) 

6.556 

0.80 

0.94  ±0.02 

1.1  ±0.5 

69G.t(Cu) 

7.306 

0.52 

1.035  ±0.004 

3.5±0.5 

100Mo(Cu) 

7.637 

0.28 

1.043  ±0.007 

0.8±0.3 

l00Mo(Ti) 

6.418 

-0.85 

1.032±0.003 

0.6±0.3 

118Sn(Cu) 

6.988 

0.84 

1.020±0.009 

5.7±0.2 

126Te(Cu) 

7.915 

0.4  ±0.1 

0.95  ±0.05 

6 ±5 

130Te(Cu) 

7.637 

0.45  ±0.10 

0.84  ±0.05 

0.9±1.5 

139La(Cu) 

7.637 

0.55 

0.95  ±0.01 

2.2±0.3 

139La(Ti) 

6.418 

0.78 

0.968±0.008 

6.4±0.8 

141Pr(Cu) 

7.915 

0.25 

1.02  ±0.01 

0.9  ±0.9 

141Pr(Cu) 

7.252 

0.51 

1. 005  ±0.003 

5.9±0.4 

144Nd(Cu) 

7.915 

0.27 

0.89  =0.05 

< 0.5 

' 8oW(Ti) 
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0.31 

1.030  ±0.004 

< 0.5 

303Tl(Ti) 
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1.03  ±0.01 

1.6±0.3 

30STl(Cu) 

7.252 

0.58 

1.02  ±0.01 

1.6±0.7 

209Bi(Cu) 

7.637 

1.00 

1.C0  ±0.02 

2 ±1 

209Bi(Ti) 

7.168 

1.00 

0.971  ±0.005 

28.0±0.6 

a)  The  values 

of  Rt  are  given  for  10 

g/cm2  thick  scattercrs  placed  at  an  angle 

of  60°  and  a 

detector  angle  of  135°. 

b)  The  values 

of  R arc  given  for  the 

same  scatterer-detector  geometry  as  that 

of  Rt  and  a 

20  g/cm2  thick  absorber. 
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/VJ-  20 

2s;13 

11.2  ±0.8 

S9Ga ") 

7.306 

105±40 

r^ 

H 

co 

'T 

6.2  ±0.5 

El 

100Mo  c) 

7.637 

140  ±40 

40  ± 5 

4.5  -0.5 

El 

100Mo  c) 

6.418 

50±35 

25  ± 8 

4.25±0.25 

El 

ll8Sn 

6.988 

152±  5 

128  ± 3 

5.5  ±0.5 

El 

12STe 

7.915 

12±  6 

5±  2 

11  ±2 

Ml 

130Te 

7.637 

60±30 

30—10 

15  ±2 

El 

139La  b) 

7.637 

170  ±40 

47  ± 6 

10.5  ±0.5 

El 

139La  b) 

6.418 

851i3 

ON 

II 

GO 

9.5  ±0.5 

El 

i4xPr  <.) 

7.915 

7±  3 

2=  1 

6.6  ±1.0 

Ml 

141Pr  b) 

7.252 

O 

to 

•II 

O 

CT\ 

110=  10 

6.4  -0.5 

Ei 

l44Nd  b) 

7.915 

30±  10 

8±  3 

14.0  -0.5 

Ml 

1 36^y 

6.418 

46±35 

6±  3 

1 ml 

El 

2 03^  b^ 

6.418 

350±60 

S2±15 

0.5  ±0.5 

2 0 5-pi 

7.252 

50  ±30 

25  ± 6 

5.2  ±1.5 

Ml 

2 09Bi 

7.637 

> 500 

> 30 

209Bi  b) 

7.168 

820-40 

820  — 40 

5.8  ±0.8 

El 

a)  Ref.  16).  b)  Ref.  8).  =)  Ref.  1?). 
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Table  6 


Values  of  A2,  iV\\l N±,  spins,  and  mixing  amplitudes  .v 


Scatterer 

(y-source) 

Eq 

(McV) 

^2 

Jo" 

j* 

j," 

63Cu(Ti) 

6.556 

0 

p 

I 

§- 

0 

69Gu(Cu) 

7.306 

0.14  ±0.01 

1.046  ±0.022 

p 

n — 

0 

l00Mo(Cu) 

7.637 

0.49  ±0.05 

1.17  ±0.05 

0 + 

i- 

o+ 

0 

100Mo(Cu) 

7.102  a) 

0.013±0.016 

0 + 

i- 

2* 

-0.06-0.02  b; 

100Mo(Ti) 

6.418 

0.52  ±0.02 

1.15  ±0.03 

0 + 

i- 

0 + 

0 

100Mo(Ti) 

5.355  a) 

0.19  ±0.08 

0 + 

i- 

2 + 

0.21  ±0. 12 

n8Sn(Cu) 

6.988 

0.48  ±0.02 

1.12  ±0.05 

0 + 

i- 

0 + 

0 

12STe(Cu) 

7.915 

0.46  ±0.11 

0.S6  ±0.10 

0+‘ 

i + 

0 + 

0 

130Te(Cu) 

7.637 

0.48  ±0.04 

. 1.12  ±0.04 

0 + 

i- 

0 + 

0 

139La(Cu) 

7.637 

0.16  ±0.02 

1.024±0.01 5 

•> 

0 

139La(Ti) 

6.418 

0.093  ±0.004 

1.0IS±0.006 

7 + 

i- 

z* 

0 

‘■“Pr(Cu) 

7.915 

0.41  ±0.06 

0.94  ±0.03 

i+ 

o + 013 

U--U-0.03 

14lPr(Cu) 

7.252 

0.23  ±0.06 

1.03  ±0.02 

a* 

l- 

$ + 

0 

‘*4Nd(Cu) 

7.915 

0.50  ±0.03 

0.92  ±0.09 

o+ 

l + 

o+ 

0 

1 36W(Ti) 

6.418 

0.49  ±0.05 

1.15  ±0.06 

0* 

i- 

o+ 

0 

l,6W(Ti) 

6.296  a) 

— 0.01 1 ±0.014 

■ 0+ 

l- 

2+ 

-o.i04-o.03 

203Tl(Ti) 

6.418 

0 

1.01  ±0.01 

i* 

4 

p 

0 

203TI(Cu) 

7.252 

0.71  ±0.08 

0.90  ±0.02 

l + 

P 

4+ 

-0.25  ±0.05 

203TI(Cu) 

7.047  a) 

-0.69  ±0.03 

l+ 

l* 

j + 

0.33-0.04 

209Bi(Cu) 

7.637 

0.24  ±0.04 

J- 

(?) 

s- 

209Bi(Ti) 

7.168 

0.20  ±0.02 

1.040±0.015 

r 

P 

1}  R.  Horeh  et  si.  , Rhys.  2.2V. 
02  (1970)  1144 

8)  A.  *felf,  et  al. , Shys.Rav. 

G5  (1972)  2276 

15)  R.  March  gc  al.  , Phys.  Lett. 
36B  (1971)  71 

16)  R.  Horeh  et  al,  , Phys.  Rev. 
C7  (1573)  1335 

17)  R.  Horeh  et  al. , Nacl.  Phys. 
A217  (1973)  477 

29)  R.  Horeh  et  al. , Rhys.  Rev. 
C4  (1971)  2265 

30)  R.  Horeh  et  al.  , Rhys.  Rev. 
173  (1969)  1961 


Errors  refer  to  one  standard  deviation. 
*)  Inelastic  transitions. 
b)  Ref.  17). 

•)  Ref.  13). 


Tadle  8 


Values  of  F,,  D,  lcEl  and  kHl 


EL  transitions  Ml  transitions 


scatterer 

(•/-source) 

E0  —>  Ef 
(McV) 

rt 

(mcV) 

D 

(eV) 

(l0-9MeV-3) 

scatterer 

(y-source) 

E0->E, 

(MeV) 

r, 

(meV) 

o 

(cV)  (10-9.' 

62Ni(Fe)  *) 

7.646 

12300 

12STe(Cu) 

7.915 

260 

- 1.172 

24 

0.5 

— 0.666 

2.3 

— 1.421 

1.7 

S9Ga(Cu) 

7.306 

660 

— 0.572 

3.2 

1.0 

‘•“Pr(Cu) 

7.915 

90 

— 0.S72 

2.7 

0.9 

— 1.298 

1.3 

- 1.437 

O.S 

l°°Mo(Cu) 

7.637 

670 

->  1.580 

1.4 

— 0.535 

40 

7.7 

— 1.655 

1.0 

— 1.063 

5.7 

1.4 

->  1.461 

1.4 

0.4 

141Pr(Fc)  a) 

7.632 

170 

— 0.145 

5.6 

112Cd(Fe)  b) 

7.632 

350 

->  i.no 

6.4 

— 0.617 

11 

4 

— 1.293 

0.4 

->  1.223 

7.3 

3.4 

— 1.437 

5.6 

— 1.429 

2 

1 

— 1.451 

6.i 

J 

->  1.468 

1.7 

0.9 

— I.5S2 

i.i 

130Te(Cu) 

7.637 

360 

— 0.337 

16 

5.5 

— 1.5S9 

18 

8.8 

139La(Cu) 

7.637 

190 

— 1.384 

3 

2.5 

— 1.533 

3 

2.7 

14IPr(Cu) 

7.252 

220 

->0.146 

82 

OO 

n 

— 1.120 

8.6 

6.5 

l**Nd(Cj) 


203Tl(Cu) 


7.915  3S0 

— 0.697  13 

— 1.041  2.7 

— 1.564  6.2 

7.252  1200 

— 0.205  4 


J 


la6W(Cu) 


6.418 

■0.122 


12 


110 


14 


The  values  of  D refer  to  an  excitation  energy  Ea. 

*)  Ref.  l).  b)  Ref.  29).  =)  Ref.  30). 
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ref.  M.  Boivin,  Y.  Cauchois,  Y.  Heno,  C.  Schloesing-Moller , 
V.  Zecevic 

C.R.  Acad.  Sc.  Paris  28 IB,  201  (1975) 


El_  EM.  SYM. 


Cu 


65 


REF.  NO. 

75  Bo  11 


29 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

detector 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,G 

LFT 

rH 

1 

O 

C 2 

UKN 

UKN 

771  and  1115  KEV 


Niveau. . . . 

t(ps) 


Tableau 

«Cu670  **Cu  771  *3Cu  962  «Cu  1115  “sIn  1133  5*Co  1190 
0,23  ±8%  0,15  ± 12,5%  0,76  ± 15%  0,38  ± 14%  0,094  ±4,5%  0,074  ± 3 % 
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REF. 


E.  Wolynec , G.  Moscati,  J.  R.  Mbreira,  0. 
M.  N.  Martins 

Phys.  Rev.  Cll,  1083  (1975) 


METHOD 


D.  Goncalves, 


j EL  EM.  SVM.  A 


I 


z 


Cu 


REF.  NO. 


65 


29 


75  Wo  2 


hmg 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.N  * 

RLY 

20-  40 

C 20-  40 

ACT- 1 

4PI 

n,  ?n  * 

RLY 

21-  38 

C 21-  38 

ACT- 1 

4PI 

FIG.  4.  Measured  F for  raCu(y,a).  Dashed  curve  is 
a polynomial  fit  to  the  points . Full  curves  are  F PW 
and  Fpw  predictions. 


* RAT 10  (G,N)/(E,N) 
**RATI0  (G, 2N) / (E, 2N) 


F^=(yr/z,v/.vj 


FIG.  5.  Measured  F for  °Cu(,y>  2 n).  Dashed  curve 
is  a polynomial  fit  to  the  points.  Full  curves  are 
and  Fdw  predictions. 


w,  Z,)(<Ww) 

x , (10) 

J*1  "*a7(oi)JVf^(El,  w)(rfw/w) 


=(XT/ZT*r,2NT) 

rBi  <j^(Llj)<p(El,(j,Zr)(dcj/u)) 

x — ; . (ID 

f*1  "<ar(w);Vfw(E1)  w,Zt)(<iw/w) 


form  N3S-418 

' R EV.  7-1  4-641 
use  OMM-N  8S-C  C 
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ref-  C.  p.  Swann 

Phys.  Rev.  C13 , 1104  (1976) 

ELEM.  SYM. 

Cu 

A 

65 

z 

29 

METHOD 

REF.  NO. 

76  Sw  7 

hmg 

REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,  G 

LFT 

1-  5 

C 1-5 

SCD-D 

DST 

The  properties  of  levels  in  “Cu 

and  “Cu  have 

been  investigated  using  th 

e resonance  fluorescence  techniq 

u- 

w.iu  uiuuAiiidmuug  scivuig  a*  LUC  source  Cl  exciting  radiation,  ine  energies  and  scattering  cross  sections  for 
24  levels  in  “Cu  and  30  levels  in  65Cu  up  to  about  4.5  MeV  were  measured.  A few  levels  known  to  exist  in  the 

region  of  2 MeV  for  both  nuclei  were  not  observed.  For  a number  of  the  lower  lying  levels,  spin  and  parity  30  LEV  1 . 48-4 . 53  MEV 

assignments  have  been  made  through  angular  distribution  measurements  and  limits  on  J'  set  by  others.  “ 

Mixing  ratios  for  a few  of  these  are  also  given.  Where  Jw  and  the  ground  state  branching  ratios  are  known  the 
partial  widths  for  decays  to  the  ground  state  are  presented.  Comparisons  are  made  with  the  predictions  of  the 
latest  theoretical  calculations. 


TABLE  II.  Properties  of  levels  in  65Cu. 


E a 
(keV) 

1481.7 * 0.5 
1624  *1 

1724.9*  0.5 
2090(6)* 
2208(6)’ 
?27fi(fi)* 

./*b 
7 * 

7 

5“ 

2 

r 

5”  7” 
2 * 2 
1"  3* 

2 * 2 

r~  r 

g?*2/ r 

(meV) 

1.95(2) 
0.24(5) 
2.92(30) 
<0.24 
<0.24 
<0  24 

r0/r 

0.85  c 
0.57d 
0.74  d 

To 

(meV) 

1.15(12) 

0.28(6) 

3.95(40) 

TABLE  IIL  Experimental  A-i  values  and  resultant  mixing  ratios. 

2328.6*  1.0 

2 ’ 2 
3"t 

2 

6.5(7) 

SO. 73  e 

Nuclei 

E7  (keV) 

J * 

Al 

6 

2862.1*1.0 

11.8(12) 

2875.1*1.0 

13.5(14) 

,JCu 

1547 

<1 

7 

0.58(9) 

0.27(5),  (1.7(2)) 

2898  ±2 

3.0(9) 

2011 

JT 

2 

0.75(16) 

0.41(14),  1.4(3) 

3086  * 2 

3.2(9) 

3166.5*1.0 

20.7(21) 

2977 

i .1  .4 

-0.04(18) 

3265  ±2 

3.6(12) 

3326.0*1.0 

(1"  iV 
' 2 • 2 ' 

20.6(21) 

t5Cu 

1725 

jJ 

2 

0.39(7 

0.15(5).  1.8(8) 

3356  * 2 

2.3(8) 

2329 

2 

0.38(8) 

0.15(6),  1.9(9) 

3504  ±2 

6.8(14) 

2862 

0.09(28) 

3631  ±2 

7.1(12) 

2875 

0.43(24) 

3753  * 2 

6.4(22) 

3166 

-0.18(16) 

3825  ±2 

6.3(16) 

3326 

±~  r 

0.89(17) 

0.9(5)  if  | 

3895  ±2 

13.2(20) 

3926  * 2 

19.2(19) 

3958  *2 

30.3(30) 

4006  * 2 

9.9(34) 

4056  *2 

48.3(48) 

4099  *2 

18.2(24) 

9 

4126  ±2 

37.8(38) 

S.C.  Pancholi 

et  al . , 

Nucl . Data  E2  (#6) 

, 1 (1967)  . 

4141  ±2 

42.4(42) 

11 

4271  ±2 

29.7(44) 

T.  Paradellis 

et  al. , 

Can.  J.  Phys.  50, 

2728  (1972)  . 

4356  * 2 

20.8(34) 

12 

4376  * 2 

15.5(34) 

R..li.  Robinson 

et  al . , 

Nucl.  Phys.  A191, 

225  (1972)  . 

4397  ±2 

67.6(77) 

4525  * 2 

84(16) 

•4533  ±2 

43(10) 

3 The  energies  indicated  with  an  asterisk  were  taken 
from  Ref.  9. 

b The  values  forV  indicated  with  a dagger  are  from 
this  study;  the  others  were  taken  from  Ref.  9. 
c This  value  for  r0/r  was  taken  from  Ref.  12. 
d These  values  for  r0/r  were  taken  from  Ref.  11. 
e This  limit  was  obtained  in  this  study  where  a branch 
is  observed  to  the  771  keV  level. 
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I. I.  Chkalov,  & A.S.  Litvinenko 
Yad.  Fiz.  26,  20  (July  1977) 

Sov.  J.  Nucl.  Phys.  26,  9 (July  1977) 


ELEM.  SYM. 


Cu 


65 


29 


method 


REF.  NO. 

77  Po  3 


hmg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

I 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E,E/ 

FMF 

0-5 

D 120 

MAG-D 

DST 

(0.77-4.26) 

We  report  tie  results  of  an  experimental  study  of  low-lying  states  in  “Cu  by  the  method  of  in-i^tic 

*o  = 120  MeV  in  the  region  of  momentum  transfer  to  the  nucleus 
q 0.. 8-1.1 5F  . Values  are  obtained  for  the  reduced  transition  probability  B(E\)  t from  the 
ground  state  of  the  nucleus  to  excited  states  with  a»  = 0.77,  1.11,  1.48,  2.62,  3.16,  3.J2  3.85,  and  4.26 


8 STATES  .77-4,26  MeV 


TABLE  I.  Value  of  reduced  probability  B (EX) t for  transition 
of  the  nucleus  from  the  ground  state  to  an  excited  state. 


Nucleus 

E,  MeV 

k 

f« 

3 (EX)  t 

Ou  data 

(vibndoaal  mode) 

Data  of 
Ref.  2 

Data  of 
Ref.  4 

“Cu 

0.77 

2 

Vr 

U5±13 

117 

100 

1.11 

2 

•/.* 

210=25 

351 

280 

1.48 

2 

v,~ 

218±25 

364 

340 

2.62 

3 

CM 

7482±228 

1815 

3.16 

3 

(V.*). 

4211=463 

891 

3.52 

3 

CM 

4846=333 

1320 

3.35 

3 

CM 

3665=454 

594 

4.26 

3 

CM > 

2260=310 

792 

•*Ni 

1 32 

2 

2* 

66t=58  ("1 

3.55 

3 

3- 

16800=1200  (‘») 

Sum  of  5 

543  ±37 

832 

720 

Sum  of  8j(EZ)  t 

/- 

(•/,-> . cm 

. CM.  CM 

20200=1110 

4620 

Sum  or  a,  (£3)  t 

/- 

(*/•♦).  (Vi*) 

.CM.  CM 

18420=1090 

4521 

Note.  The  values  of  fl(£X)t  from  Ref.  2 were  recalculated  from  the 


relation  men, / — -cm 

n “ BTEXp 


FIG.  2.  Inelastic  form  factors  as  functions  of  the  momentum 
transfer  to  the  nucleus. 
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ref.  K.  Masumoto,  I.  Kato,  N.  Suzuki 

Nucl . Inst.  Meth.  157,  567  (1978) 


ELEM.  SYM. 

Cu 


65  29 


REF.  NO. 

78  Ma  10 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,N 

ABY 

10-68 

C 30-68 

ACT  - jr 

4PI 

Analysis  is  made  of  reactions  interfering  with 
photon  activation  analysis  procedures. 


The  activation  yield  curves  have  been  presented  for  a number  of  phoionuclear  reactions  in  the  energy  range  from  JO  to 
68  MeV,  in  order  to  evaluate  quantitatively  the  interferences  due  to  competing  reactions  in  multielement  photon  activation 
analysis.  The  general  features  of  the  yields  as  functions  of  both  target  mass  number  and  excitation  energy  were  elucidated 
from  the  data  obtained,  discussion  being  given  on  the  results  in  terms  of  the  reaction  mechanism. 

Simultaneous  neutron  activation  due  to  appreciable  neutron  production  from  the  converter  and  surrounding  materials 
has  also  been  studied,  and,  finally,  the  magnitudes  of  interferences  in  real  multielement  analysis  were  given  in  the  form 
of  their  energy  dependences. 


Nr 

Fig.  2.  Yield  per  equivalent  quanta  versus  target  neutron  num- 
ber. 


E max(  M «V  ) 

Fig.  6.  Activation  vis'd  curves  for  the  reactions  on  Co,  Ni  and 
Cu. 

O 5SCo(y,  ni-’Co.  C -;,Co(y.  2n)57Co.  .1  58Ni<>'.  n)57Ni. 

V 55  Nil’/,  pn)56Co.  ▼ *°Ni(>\  pn)5SCo.  A :9Ni(>*.  2n»?6Ni. 

□ 4jCu(y,  nj^Cu.  a 0jCui  y.  2rt)° 1 Cue  C>  3- Cu(y,  am)-'sCo. 


- orm  N3S-4  18 


[over] 

u.s.  department  cf  commerce 
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Distance  from  the  converter  ( cm  ) 


Fig  13.  Production  rates  of  the  neutron  reactions  and  the 
photonuclcar  reactions  as  a function  of  distance  from  the  con- 
verter in  vertical  and  lateral  directions 
C ”Mn(n.y)54Mn.  C :J  N’atn.  vi:4Na,  A -7  Al(n.  z)2i  Na. 

B 35Mn<>>.  m?JMn.  Z n)”Nd.  ♦ tsCu(/.  n)#4Cu. 
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Sov.  J.  Nucl . Phys.  33,  192  (1981) 

Yad.  Fiz.  33,  362  (1981) 


METHOD 


Danagulyan, 
S.P.  Taroyan, 


EL  EM.  SVM.  A 


Cu 


REF.  NO. 


65 


29 


81  Av  10 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

$ G,XP 

RLX 

0*2 

D 0*2 

TEL-D 

100 

We  report  the  results  of  a study  of  the  reaction  vA  ~~p.X  at  an  angle  = 100*  lab  in  a beam  of 
quasimonochromatic  polarized  photons.  The  measurements  were  made  for  three  values  of  photon  energy 
i E,  = 0.69.  1.40.  and  1.95  GeVl  in  the  nuclei  :C,  “Cu.  and  W7Pb.  The  range  of  kinetic  energies  of  the  protons 
was  — 100-230  MeV.  It  is  shown  that  the  slope  parameter  D for  the  invariant  cross  section /=  Cespl  - Bp1) 
is  a weak  function  of  A and  does  not  depend  on  Er,  but  the  parameter  Cr  = C/Aa,  increases  with  increase  of 
Ey , the  slope  of  the  lines  C7  [Er ) being  greater  for  larger  A . 


COH-BRMS  .69*1 .95  GEV 


PACS  numbers:  23.20.  4-  y,  13.60.Rj 


"ft  unit* 


FIG.  2.  Invariant  cross  sections/  for  photoproduction  of 
cumulative  protons  as  a function  of  their  momentum  squared 
for  three  target  nuclei  (i:C — lower  fnmilv  of  points,  '4C— mid- 
dle familv  of  points.  -::Pb— upper  familv  of  points!.  The  solid, 
hollow,  and  combined  points  correspond  respectively  ta  the 
values  t v " 0.U9,  1 40  and  1.03  GeV.  The  curves  are  de- 
scribed in  the  '.ext. 


FIG.  J.  The  dependence  of  the  parameter  C on  E . Points- 

c — i:C,  =— «Cu.  c-:'j7Ph. 


TARl.K  II. 


Nucleus 

£y,  (kV 

Parameter 

•-C 

- 

0,69 

3 

9.S0=0.Sl 

11.01=0.32 

10.10=0.36 

C 

71  0 9 

,1J  -H.7 

6632,1 

3333  2/of 

1.40 

B 

10.45=0.31 

11-21-0.22 

9.63=0. 45 

C 

103.4  Zl  2 

973  2"d 

3353  2r'-; 

1.95 

B 

10.36=0.49 

11.14=0.37 

10.07=0.31 

C 

136.0  IrfiS 

13172|‘J 

3201 2, ' jj 

Note.  The  parameter  B is  given  in  units  of  (GeV/c)-2,  while 
C is  given  in  relative  units. 
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RLE  I.  Invariant  cross  section/  tin  relative  units) 


Nucleus 

GeV 

lib 

145 

153 

173 

130 

210 

23  0 

,:c 

0 69 

1.40 

l.Oj 

7.55=0.13 
9.18=0.3 » 
I3.12=i.u0 

4.30=0.10 
6.04=0  JO 
7.24=0.71 

3.40=0  OS 
4.04=0.2'. 
4.91=0.58 

1.88=0.05 
‘2.0.*  =0. 19 
3.62=0.46 

1.55=0  05 
1.03=0.  t6 
2.34=0.33 

1.05=0.04 
1.07=0.12 
l.  .8=0  23 

0:58=0  iC 
O.S5=ii.u9 
1.00=0.22 

Tp.  MeV 

lUu 

1-0 

1111 

133 

-03 

-■ 

•4Cii 

0.69 

1.4'* 

1.95 

6 1.73=0.50 
89.54=2.52 
125.t/=i».63 

39.80=0  6G 
o‘.l.48=2.1 4 
77.'  8=5.38 

26  10=0.55 
J7.7o  = 1.78 
46.82=4. 1 1 

15.07=0.43 
21.13=1.  il 
31.61  = 3.30 

1 1.54=0  33 
1 '..58=  1.05 
21.32=2.4  i 

6.49=0.25 
5.57  =0  aO 
13.42=1.37 

4.59=0.20 

5.21=0.61 

8.37=1.42 

rp. 

105 

10J 

163 

182 

jut 

221 

«7pb 

069 

1.40 

1.95 

392.7=3.3 
52u  3=23.2 
734.0=68.0 

242.1=5.4 
303.8*17.3 
525.0=50  6 

172.5=4.6 
228.2=  13.2 
338.6=36.7 

113.2=3.7 

147.2=0.9 

213.4=29.3 

66.8=2.6 

106.2=8.7 

137.4=21.1 

51.4=2.2 
76.8=7.0 
108.5=  16.9 

31.2=1.2 

42.8=3.6 

62.4=12.5 
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At  the  present  time  it  is  rather  well  established  that 
the  experimental  values  of  the  invariant  cross  section 
/ = (E/p2)(d2<j/dftdp)  of  the  reaction 

aA-bX  (1) 

in  the  cumulative  region1  '2  are  described  by  an  expo- 
nential dependence  of  the  form  / =C  exp(-£/2).  Most  of 
the  experiments  in  which  reaction  (1)  induced  by 
various  particles  (rr,  p,  y,  . . .),  has  been  studied  were 
designed  to  study  the  energy,  angular,  and  A depen- 
dence of  the  parameters  B and  C.3-9  As  a result  of 
the  investigations  it  is  has  been  established  that  the 
parameter  B does  not  depend  on  the  mass  number  A 
of  the  target  nucleus,  on  the  type  of  incident  particle, 
or  on  its  energy,  beginning  with  £„=  1 GeV,  while  the 
parameter  C»=C/ct101  (<jioi  is  the  total  cross  section  for 
the  u A interaction)  does  not  depend  on  the  type  of 
particle  a.  In  addition  to  the  established  properties  of 
the  quantities  B and  C it  would  be  interesting  to  check 
the  dependence  of  the  parameters  B and  C on  the  direc- 
tion of  polarization  of  the  initial  particle.  For  this 
purpose  it  is  necessary  to  measure  the  asymmetry  2 
of  the  cross  section  for  reaction  (1)  as  a function  of 
the  direction  of  the  initial-particle  polarization  vector. 

In  the  present  work  we  report  the  results  of  a study 
of  the  photoproduction  of  cumulative  protons  at  an 
angle  9yp  = 100°  in  the  laboratory  system  in  the  nuclei 
12C,  MCu,  and  201  Pb  for  three  photon  energy  values 
{Ey  =0.69,  1.40,  and  1.95  GeV).  The  possibility  of 
measurement  at  a definite  photon  energy  was  based  on 
the  use  of  the  method  of  subtraction  of  the  coherent 
peak10,11  in  the  spectrum  of  quasimonochromatic  pola- 
rized photons  emitted  by  electrons  in  passing  through 
a diamond  crystal.12  The  existence  of  a significant 
degree  of  polarization  of  the  photons  in  the  coherent 


TABLE  I. 


Nucleus 

*,.c«v 

"C 

**Cu 

-Pb 

X 

oiZi 

Z 

ail) 

z 

ai2> 

0.69 

1.40 

1.95 

-0  0764 
0.0402 
0.0530 

- 0.0233 
*0.0386 
*0.0936 

-0.1539 

0.0831 

0.1»58 

*0.0351 

*0.o3t9 

*0.1031 

-0.1192 

-U.J096 

0.2931 

*5.0323 

*0.03*5 

*0.1633 

peak  has  enabled  us  to  measure  the  value  of  the  cross- 
section  asymmetry  2 of  the  reaction  yA  ~pX.  The 
asymmetry  was  calculated  from  the  relation 

, l y'-r 

“ P,  y'+y--2y‘  ' 

where  >*,  y~  are  the  reaction  yields  in  the  case  of  per- 
pendicular and  parallel  orientation  of  the  photon  polari- 
zation vector  with  respect  to  the  reaction  plane  in  the 
coherent  bremsstrahlung  spectrum;  y*  is  the  reaction 
yield  for  an  ordinary  bremsstrahlung  spectrum;  Py  is 
the  average  value  of  photon  polarization  in  the  sub- 
tracted coherent  peak. 

Measurements  of  2 were  made  in  the  nuclei  12C,  MCu, 
and  201  Pb  for  protons  with  kinetic  energy  respectively 
Tp=‘173,  164,  and  163  MeV.  The  energy  bin  was  Af 
= -60  MeV. 

The  experimental  apparatus  and  measurement  tech- 
nique have  been  described  in  detail  elsewhere.13 

Numerical  values  of  2 with  their  standard  deviations 
o(2)  are  given  in  the  table. 

The  values  of  a(2)  contain  both  the  statistical  error 
and  the  error  in  determination  of  the  quantity  Py.13 

From  the  figure,  where  we  have  shown  2 as  a function 
of  Ej  for  the  three  nuclei  it  can  be  seen  that  the  ab- 
solute values  of  the  asymmetry  in  the  region  investi- 
gated are  insignificant  and  depend  weakly  on  £y.  We 
note  that  2 for  carbon  is  close  to  zero  for  all  Ey,  and 
the  maximum  value  0.29*0.16  is  achieved  in  the  case 
of  lead  for  Ey  = 1.95  GeV.  The  data  show  that  within 
experimental  error  the  asymmetry  is  almost  indepen- 


- 

_u_jL 

0.3  f 

1,0 

/.  S Z.o 

, GeV 

FIG.  1.  Asymmetry  E of  the  cross  section  for  photoproduction 
of  cummulative  protons  as  a function  of  the  photon  energy  Ey 
for  target  nuclei  l2C  (C),  MCu  (C),  and  WT  Pb  <£•>• 


form  N8S-A1# 

(Rev.  7-1  4-S4I 
use  OMM-N  es-oc 


PHOTONUCLEAR  DATA  SHEET  431 


U.3.  Of^ARTMINTOF  COMMERCE 
NATIONAL  BUR  EAU  OF  STANOAROS 


Y.  Cauchois,  H.  Ben  Abdelaziz,  R.  Khdrouf,  C.  Schloesing-Mttller 
:F-  J.  Phys.  G7,  1539  (1981  ) 


EL  EM.  SYM. 


Cu 


65 


29 


REF.  NO. 


81  Ca  2 


J2S_ 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G , G 

LFT 
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Abstract.  Lifetimes  of  49  excited  states  below  1.65  MeV  have  been  measured  in  24Ma.  27A1, 
4,Ti.  !,Ni.  5,Co.  4l  “Ni,  43'43Cu.  73 As,  103Rh,  1,3  ,,3ln.  1,6Utl20Sn  and  ,2'U23Sb 

by  means  of  nuclear  resonance  fluorescence  experiments.  The  levels  are  excited  by 
bremsstrahlung  x-ray  photons.  The  self-absorption  technique  applied  to  suitable  cases 
provides  nuclear  absorption  cross  sections,  widths  and  lifetimes  from  which  the  x-ray 
spectral  distributions  are  also  obtained.  Scattering  experiments  are  performed  for  all  other 
cases  in  order  to  obtain  widths  and  lifetimes  from  these  x-ray  photon  curves.  The  Compton 
effect  in  the  sample  is  taken  into  account.  Self-absorption  provides  gTo  from  which  T is 
deduced  using  adopted  J 4 and  To/T  values;  scattering  provides  u = g( To/DH'W  from 
which  T is  also  deduced  with  /,  To/T  and  mixing  ratios  taken  from  the  literature.  Thanks  to 
simultaneous  determination  of  the  x-ray  spectra  all  the  lifetimes  as  given  by  our  programs 
with  their  statistical  errors  form  an  unusually  coherent  set  of  values. 


1 .482  MeV 


NUCLEAR  REACTIONS  (y.  •/).  bremsstrahlung  excitation;  natural  isotopes;  :JMg. 
27 Al.  4*Ti.  !,Ni.  !,Co.  4l'42Ni.  43'43Cu.  M“'68Zn.  75As.  ,03Rh.  "3  n3In,  l'4'"l-i:oSn 
and  m'l23Sb;  E = 0.5-1.65  MeV;  measured  g To  or  gff  o/V)W(8Y.  deduced  7*  1/2 . 
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Tableau  2.  Resuitats  des  mesures  des  niveaux  etudies  par  self-absorption. 


Table  2.  Results  obtained  using  the  self-absorption  method. 


Energie 

gT  o (meV) 

r(ps) 

Isotope 

(keV) 

J 4 

Jq 

r0/r 

ce  travail 

ce  travail 

r,er  (ps) 

References  t 

59  Co 

1 190.0(3) 

9- 

1 

7- 

i 

11.3(5) 

0.0729(32) 

0.080(4) 

Kim (1976) 

63  Cu 

669.62(5) 

J- 

j- 

i 

1.19(4) 

0.27700) 

0.297(9) 

Auble(  1979b) 

63  Cu 

962.06(4) 

5~ 

i 

1.25(6) 

0.792(38) 

0.851(43) 

Auble(  1979b) 

63  Cu 

1547,02(6) 

0.803 

2.60.7) 

0.2003) 

0.1 60<  16) 

Auble  0979b) 

63  Cu 

770.6(2) 

I- 

\- 

1 

2,1803) 

0,151(9) 

0.13(4) 

Auble  ( 1975a) 

43  Cu 

1 1 15.54(4) 

1- 

% _ 

I 

2.47(28) 

0,400(45) 

0.38(2) 

Auble  ( 1975a) 

ll3In 

1 132.57(3) 

y 

j- 

1 

8.59(48) 

0.0920(51) 

0,092(5) 

Cauchois  el  al  ( 1977) 

ll3In 

1463.5(12) 

r* 

9 . 

j 

0.942 

5,22(60) 

0.095(12) 

0.095(12) 

Cauchois  et  al  ( 1979) 

t References  pour  les  colonnes  3.  4.  5 et  8 de  ce  tableau. 
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Tableau  3.  Resultats  des  mesures  des  niveaux  etudies  par  diffusion. 
Table  3.  Results  obtained  using  the  diffusion  method. 


u = g(r0Vr)IW)  r (ps) 


Isotope 

Energie  (keV) 

J' 

JS 

r0/r 

s 

(meV) 

ce  travail 

Trd-(ps) 

References  t 

2,Ms 

27  Al 

1368,59(4) 

* 

0* 

i 

E2 

1,08(13) 

1,76(21) 

1.98(4) 

Endl  et  van  der  Leun 
(1978) 

1014,45(3) 

i * 

5' 

0.971 

*0,351(12) 

0,186(13) 

2,20(16) 

2.12(8) 

Endl  et  van  der  Leun 
(1978) 

*'Ti 

983.512(3) 

2 * 

O' 

I 

E2 

0.282(23) 

6,74(55) 

6.1(13)- 

Been (1978) 

’*Ni 

1454.45(15) 

•>  ♦ 
i- 

0* 

1 

E2 

2,1 1(26) 

0,90(11) 

0,92(3) 

Koehcr  el  Auble 
(1976) 

5,Co 

J,Co 

!,Co 

1099.224(25) 

i~ 

1 

(E2) 

0.069(8) 

4.79(55) 

3.17(58) 

Kim  ( 1976) 

1453.8(3) 

v- 

2 

0.91 

(E2) 

0,68(8) 

1,17(14) 

1 .5  2(  16) 

Kim  ( 1976) 

1480.9(3) 

1- 

r 

0.8 

<0.35* 

1,23(15) 

0.254(31) 

0.31(3) 

Kim (1976) 

41  Ni 

1185.7(6) 

i- 

0.77(8)' 

|0.I4j 

1,88(49) 

0.21(5) 

0.16(3) 

Andreev  et  al  ( 1974) 

42Ni 
43Cu  ' 
43Cu 

I 172,91(9) 

2* 

0* 

1- 

1 

E2 

0.88(17) 

2,15(42) 

2,09(3) 

Halbert  (1979a) 

1327.00(7) 

J- 

0.84 

(E2) 

1,04(14) 

0.84(11) 

0,88(4) 

Auble  (1979b) 

1412.05(4) 

r 

3- 

0.72 

+ o.6iJ:2! 

0.260(38) 

1.90(28) 

1,61(3) 

Auble  (1979b) 

MZn 

991.54(7) 

2 *■ 

0' 

1 

E2 

0.640(54) 

2,97(25) 

2,60(13) 

Halbert  (1979b) 

45Cu 

44Zn 

1481.83(5) 

j- 

j- 

0,85 

(E2) 

1,13(19) 

0,79(13) 

0,49(5) 

Auble  (1 975a) 

1039,37(6) 

2' 

0' 

1 

E2 

0,70(6) 

2.71(23) 

2.25(15) 

Auble  (1975b) 

4,Zn 

1077.38(5) 

2 * 

0* 

1 

E2 

0.70(6) 

2,71(23) 

2.34(23) 

Lewis  ( 1975) 

’’As 

572.5(10) 

3" 

3- 

ld 

0,39b 

0,236(26) 

4,14(46) 

3,5(9) 

Horen  el  Lewis  (1975) 

?iAs 
75  As 

823,0(10) 

i- 

0,86d 

(E2) 

0,214(22) 

4,27(43) 

3,5(3) 

Robinson  et  al  ( 1967) 

865.5(10) 

r 

0.83d 

C 

0.78(6) 

0,863(68) 

0.60(12) 

Celliers  et  a 1 ( 1977) 

’As 

1076.0(10) 

j 

r 

0,94 d 

0.3  8d 

1,97(13) 

0.287(19) 

0.32(7) 

Celliers  et  al  (1977) 

^As 

1 128,5(10) 

3-- 

1 

Eld 

0,224(24) 

1,47(16) 

— 

’’As 

1349.01 10) 

i- 

3- 

0.67d 

0.20d 

1.61(29) 

0.180(32) 

0.12(3) 

Wilson  (1970) 

’As 

1370.01 10) 

i- 

0.4  7d 

0,47d 

0.64(13) 

0.218(44) 

— 

03  Rh 

803.1(2) 

i- 

( 

0.70 

Ml 

1.851 16) 

0.174(15) 

— 

Harmatz  ( 1979) 

103  Rh 

1277.0(2) 

1 ' 

j* 

0,75 

-0.62(30)' 

0,8119) 

0.87(10) 

1.3(9) 

Harmatz  ( 1979) 

"3In 

1177(1) 

y - 

1 

*0.5(2) 

9.1(8) 

0.086(8) 

0,10(6) 

Tuttle  el  ul  ( 1976) 

"3ln 

15101  1) 

2 ’ 

j* 

0.935 

-o.5f:.i{ 

6.4(9) 

0,07 1(  10) 

0.1  1 ! ' :i 

Tuttle  et  uh  19761 

"’In 

1077. -(  10) 

\ * 

j * 

0.81' 

(E2) 

0.159(24) 

1.61(24) 

1.23(7) 

Tuttle  et  al  ( 1 976) 

"’In 

1290.59(3) 

y - 

$ 

0.9  8 J 

(F.2) 

1.31(11) 

0,66(6) 

0.55141 

Tuttle  et  u/  ( 1976) 

"’In 

1448.73(3) 

?- 

0.86 

- 8r 

0,90(1 1) 

0.50(6) 

0,52(20) 

Tuttle  et  ah  1 976) 

"’In 

I486. 1(  1 ] 

?• 

V 

0,787 

-0.8f 

0.63(9) 

0.63(9) 

0.4(3) 

Tuttle  et  ah  19  76) 

"’In 

I49T2(4) 

<:' ) 

^ * 

< 1 

(E2) 

1.33(16) 

<0.30(4) 

— 

"’In 

1607.31 15) 

<!') 

i- 

< 1 

(E2) 

1.54(24) 

<0.26(4) 

— 

"4Sn 

1293.54(2) 

2 ’ 

O' 

1 

E2 

3.58(37) 

0.53(6) 

0.522(14) 

Carlson  et  al  ( 1975) 

"8Sn 

1229.64(4) 

2 " 

O' 

1 

E2 

2,75(28) 

0.69(7) 

0.67(2) 

Carlson  et  al  ( 1976) 

i:i'Sn 

1 P 1.6(2) 

*>  * 

0* 

1 

!£2 

1.83(16) 

1.04(9) 

0.91(2) 

K ocher  ( 19761 

l2lSb 

1023.51 10) 

i" 

J * 

1 

|0.57,' 

3.69(34) 

0.228(21) 

0.20(7)'’ 

Tamura  et  al  ( 1979) 

,2lSb 

1105.5(10) 

j- 

2 * 

0.4 

— 

0.47(4) 

0.42(4) 

— 

l2lSh 

1 1 42.51  10) 

$ ” 

; * 

0.6 

(E2) 

0.85(8) 

0,449(40) 

0.41(8)“ 

Booth  et  al  i 1973) 

,z'Sb 

1 484.0  101 

5 *■ 

1 

,0.451' 

4.7(5) 

0.0921 10) 

0.0881  1 4)“ 

Booth  et  al  ( 19'3) 

l2)Sb 

1029.51 10) 

, * 

r 

1 

'0.37]* 

2.96(27) 

0.272(25) 

0.26(4)’’ 

Booth  et  al  1 19'3) 

,:3Sb 

1086.5'.  10) 

« * 

1 

J > 1.26' 

'.06(9) 

0.67(6) 

0.72(  15)“ 

Booth  et  al(  1973) 

t References  pour  !es  colonnes  3,  4.  5.  6 et  9 de  chaque  ligne,  sauf  indication  appelee  au  has  de  ce  tableau.  Pour  les  autre.;  donnees  se  reporter  au 
texte. 

Remarque.  Pour  ..alculer  f>~  quand  nous  ne  disposons  que  de  B(E2),  pour  un  melange  lE2)-(Ml),  nous  deduisons  gfu(E2)or  3(E2)fi;  • en 
admcttant  It'(r/)=1  et  connaissant  T;/r.  notrc  determination  de  u donne  une  premiere  approximation  de  gTo  d'ou  ene  valeur  de 
6‘  =<^ro(E2)>/0'r0  -gr0(E2)l  qui  permet  d'ameliorer  ll’(6*)  et  gr0  de  proche  en  proche. 

1 Swann  (1971);  ° Robinson  et  ai  t 1 9n7);  c HYrf)  = 0.99  calcuic  d'apres  la  formule  de  Celliers  et  ah  1977);  J Abbondanno  et  til  ( 1973);  * Saver  et  at 
I 1972);  r Tuttle  et  at  ( 1976);  * d'apres  B(E2)  de  Barnes  et  al  ( 1966);  h calcule  d'apres  Booth  el  al  ( 1973):  ' Williams  et  ul  ( 1 9 ~ 5 ) ; 1 Dietrich  el  ai 
( 1970). 
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ref.  M.N.  Martins,  E.  Wolynec,  M.C.A.  Campos 
Phys.  Rev.  C26,  1936  (1982) 
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REF.  NO. 

82  Ma  3 

egf 

REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

E.A 

ABX 

7-34 

D 14-34 

ACT- 1 

4PI 

The  ( e,a ) cross  section  for  MCu  has  been  measured  in  the  elec 

:tron  energy  range  14  — 34 

ivicr.  i ac  rc3uii3  nave  occn  ana jyzca  using  me  aistortea-wave  oom  approximation  L 1 
and  E 2 vmuai  photon  spectra  and  the  E 1 and  E 2 components  of  the  corresponding  (y.a ) 

cross  section  were  obtained.  To  assess  the  accuracy  of  the  virtual  photon  analysis,  the 
(e,2 n)  cross  section  for  “Cu  was  also  measured  and  the  obtained  (y,2n)  cross  section  is 
compared  with  direct  measurement  of  this  cross  section  performed  with  annihilation  gam- 
ma rays. 


NUCLEAR  REACTIONS  65Cu(e,a)  and  6JCu(e,2n).  Measured 
<rt.a{E0)  and  af  2ll(E0).  Deduced  a£i(£),  and  a£\,(£). 


FIG.  4.  <7,.a(£0)  for  65Cu  (circles)  and  the  yield  of 
electrodisintegration  plus  photodisintegration  (squares). 
The  smooth  curves  are  the  best  fit  to  the  data  and  were 
obtained  by  combining  the  £ 1 and  El  histograms  of  Fig. 
7 with  the  virtual  photon  spectra  and  the  DBM  brems- 
strahlung  cross  section  in  Eqs.  (1)  and  (2).  The  triangles 
show  the  (e,a ) cross  section  from  Ref.  6. 


e <m»v) 

FIG.  7.  MCu(y,a  ) cross  sections.  The  £1  and  El  his- 
tograms are  the  results  from  this  work.  The  points  show 
the  (y,a  ) cross  section  from  Ref.  6. 


TABLE  III.  (y.a)  strength  for  nuclei  in  the  4 =60  re- 
gion. £1  sum:  60  SZ/A  MeV  mb:  El  sum:  0.22Z; 
A ~ 1/3  jLtb/MeV. 


Nucleus 

30 

Jn  crr,a(E)dE 

(MeV  mb) 

Fraction 
of  £ l sum 

Fraction 
of  £2  sum 

Ref. 

!6Fe 

21  ±3 

2.1 +0.3 

7+1 

*> 

58Ni 

43+4 

3.9+0. 4 

21  +3 

1 

'“Co 

17+2 

1.7 +0.2 

5 + 1 

*> 

“Ni 

41+4 

3. 5+0. 4 

21+5 

1 

“Ni 

17±2 

l-5+Q_2 

8+2 

1 

“Zn 

73+16 

6.9  ±1.5 

25  + 3 

2 

65Cu 

10+1 

1.0+0. 1 

3 ± 1 

This 

work 
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zinc 

Z=30 


Zinc,  in  combination  with  cooper,  was  known  in  Roman  times 
as  the  alloy  brass;  the  individual  metal  was  not  isolated 
until  much  later.  The  first  smelting  and  extraction  of 
the  impure  metal  was  carried  out  in  China  and  India  about 
1000  A.D.  Paracelsis  0 490-1 541 ) refers  to  zinc  as  a bastard 
form  of  copper.  This  is  the  earliest  authenticated  use  of 
the  word  "zinc"  to  describe  the  metal. 
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W.H.  Hartley,  W.E.  Stephens,  E.J.  Winhold 
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Elem.  Sym. 


Zn 


V thod 


Li  (p,Y)  source,  480  kev  protons;  BF^ 


counters. 


Ret.  No. 

56  Ha  1 


EGF 


Reaction 


E or  AE 


$ 


crd  E 


J w 


Notes 


(Y,»0 


Average  Li  cross  section  is  48  mb; 
cross  section  with  detector  response 
weighted  for  low  energy  neutronsy^ 
Assumed  ratio  17.6/14.8  = 1.7* 
Calculated  cross  section  at  14.8  and 
17.6  MeV  assuming  cross  section 
curves  measured  at  Pennsylvania  and 
Saskatchewan  (refer  Table  i). 


Tabu  L Cross  sections  for  photoneutron  emission  induced  by  the  lithium  gamma  rays.  The  results  are  compared  with  previous  data. 


Ele- 

ment 

Present  crots- 
section  d ata 

Counter  Counter 

Group  A Group  3 

Data  d 
McDaniel 
*i  ml,* 

Betatron  data 

Pennsylvania  Saskatchewan 

mu.»  nu 

vir.t 

*»«.•* 

„Fe 

38  mb 

33  mb 

37  mb 

60*  mb 

0.5 

23  mb 

47  mb 

„ Co 

49 

49 

47 

60*  mb 

0.5 

95' 

0.5 

30 

60 

„Ni 

28 

25 

23 

40* 

0.7 

22 

32 

»Ca 

64 

61 

55±12 

95' 

0.6 

45 

75 

■•Zn 

48 

45 

48 

90' 

0.7 

38 

54 

nAg 

175 

170 

135 

240' 

!/) 

175 

175 

»Sq 

200 

190 

180 

420‘ 

320* 

nTa 

355 

360 

260 

350“ 

U 

420* 

2J 

550* 

24b* 

T.W 

365 

355 

325 

TV3"! 

330 

295 

315* 

1.7 

480' 

1.9 

460 

255 

»H« 

365 

340 

290 

400 1 

250 1 

nPb 

310  • 

295 

250 

320* 

1.6 

440' 

2*5 

500* 

200* 

uBi 

305 

280 

250 

270d 

2.6 

550' 

2.4 

490 

195 

. AwasteafTsfs-  sajfl  7.6-Mev  crow  section*  weighted  with  relative  intensities  oi  the  lithium  gamma-ray  line*. 

• See  reference  24  ..... 

< R.  Nathans.  Ph  D.  thesis.  University  oi  Pennsylvania,  1954  (unpublished). 

•J.  Halpem  (private  communication). 

< See  reference  13. 

A Separate* cross  section*  at  14.3  and  17.6  Mev  as  obtained  from  Group  A data  and  14.S/17.6  betatron  cross-section  ratio*. 

'Obtained  using  14.3/17.6  cross-section  ratio  from  Pennsylvania  betatron  data. 

I Obtained  using  14.8/17.6  croes  section  ratio  from  Saskatchewan  betatron  data. 
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R.  M.  Osokina  and  B. 
Zhur.  Eksp.  i Teoret 
Soviet  Phys.  JETP 

METHOD 


ELEM. SYM.  A 


S.  Ratner 


. Fiz.  12,  20  (1957) 
1 (1957) 


Zn 


REF.  NO. 
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[Page  1 of  2j 


57  Os  1 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,P 

ABX 

THR-31 

C 20-31 

EMU-D  4-18 

DST 

Note:  Fast  photoproton  mean  E >9  MeV. 

P 


FlG.  2.  Energy  distributions  of  photoprotons  from  zinc  obtained  at 
energies  E : a — 20.8  nev  and  b — 28.6  mev.  I — spectra  calcu- 
lated according  to  evaporation  theory;  2 — spectra  calculated  accord- 
ing to  the  direct  photoeffect  model1'*  talcing  shells  into  account;  3 — 
the  sum  of  curves  1 and  2. 


FlG.  4.  Angular  distributions  of  p i o*  :»pr ot  ns  from  zinc  obtained  at 
energy  values  Eym : a - 20.8,  b - 2 and  r - 28.6  mev.  /j  and  / 

are  the  relative  numbers  of  frotons  per  unit  solid  angle  for  protons: 
f — with  energies  ep  > 3 mev,  2 — with  energies  t > 9 mev. 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

10  !5  JO  F MeV 

ym- 

FlG.  5.  Dependence  on  Ey  of  the  yield  of  photo- 
protons with  energies  f > 3 mev  from  zinc.  I j.  is  the 

curve  calculated  according  to  evaporation  theory  and 
normalized  according  to  the  data  on  angular  distribution 
on  the  assumption  that  at  Eym  = 20.8  mev  the  isotropic 

rirt  of  the  yield  (75%)  is  determined  by  evaporation. 

is  the  yield  in  relative  units  reduced  to  the  same 
ionization  in  a thick-walled  ionization  chamber. 


<J 

17  , 

'0  rw* 


FlG.  6.  a — dependence  on  Eym  of  the  yield  of 

fast  photoprotons  from  zinc;  b — cross-section  for  the 
emission  of  fast  protons  from  zinc.  1 — ( >9,  2 — 

• — mev. 
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Method 


Betatron;  alpha  yield;  nuclear  emulsion 


Ref.  No.  • 

58  To  2 


NVB 


Reaction 


E or  A E 


S* 


dE 


J tt 


Notes 


Zn(Y,ar) 


Bremss. 

22 


Yield  = 8.2x10  alpha/mole/roentgen 


itO4 


Fig.  8.  Photo-alpha  yields  plotted  against  atomic  numbers 
for  the  exposures  of  the  survey. 
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Notes 
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Ref.  O.M.M.  Mitchell,  K.G.  McNeill 
Can.  J.  Phys.  Vl,  87 1 (1963) 
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Method 


Betatron;  proton  yield;  angular  distribution;  scintillator; 
ion  chamber. 


Ref.  No. 

63  Mi  5 


NVB 


Reaction 


E or  A E 


crd  E 


J it 


Notes 


Zn(Y,xp) 


Bremss. 

22 


a 3/2 


z 10  - x 0 


f 7/2 

r 

y:E'_0  OF  fast  phq^OPROTONS 


g3/2 

T 


: 0 


20 


20 

Z 


40 


50 


Angular  distribution: 

Y(0)  = a + b sin_9  (l  + p cos  Q)~ 

where  a = 47±10;  b = 53±l6; 
p = 0.5±0.2  and  b/a  = 1.1±0A. 


Yield  (E  > 8 MeV): 

P 

(2.8±0.7)  10^  protons/mole-r . 


Yield  (3.7  < Ep  < 14):  (22±2)  105 


Fig.  4 The  value*  0/  the  Use  pbocoproton  anisotropy  coefficient  b a found  bv  the  oresent 
authors  • > and  other  workers  1 O'  «n  the  region  of  the  periodic  table  ID  < Z C 50_  Arrows 
ndicate  ort-scaie  point*.  The  references  to  the  results  >/ other  workers  are  given  111  Table  H. 
The  demarcations  are  explained  in  the  text. 
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Method 


25  MeV  betatron;  photon  scattering;  Nal  spectrometer;  NBS  chamber 
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Notes 
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Bremss. 
4-  14 


Detector  at  120  . 


a '=  1.3  nib. 
max 


[Corrects  results  in  J.  Phys.  Soc. 
Japan  16,  1657  ( 1961 ) ] 


ener^.es  of  p or  .nr 
ana  Mann's  data*  In  Fie 
the  sum-up  . hannels  by  hve  channels  lo' 
are  indicated  by  the  closed  triangles. 

K Reihel  \ K Mann  !”■ ■ . - K.-.  1 IS 

"hi. 


11  F «;  Fuller 
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( c ) 

r •“=  ^ •■'hand  Bi  The  indicated 

m u:>  n.inne.s.  me  the  vertical  lines  are  :ne  statist  1- 
: -lints.  The  .rr  wa  -epresent  the  coitions  of  the  threshold 
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Synchro cron  ; C^^.r.)  monitor 


RE".  NO. 

! 

! 64  Co  2 


;cc 


R £ A C ".ON 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

0 ETECT 0 R 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G , XN 

A3  Y 

THR  - 30 

C 80 

BF3-I 

4 PI 

Table  1 


Tlcr.'.en; 

Yield  (2oo) 

60  .VZ/A 

30 

80 

20  30 
Z/Z 
0 0 

eV  cm" 
mol  MeV 

(mb  MeV) 

0 

0 

(MeV) 

(mb) 

24Cr 

33  xiO-5 

777 

1.21 

2.1 

0.53 

18.5 

97 

25-‘Ia 

10S  xio*5 

SIS 

1.52 

2.22 

0.65 

18.5 

114 

2o*?e 

68  xlG-3 

822 

0.83 

1.46 

0.60 

17.5 

75 

91-T^/O 

39  x 1G~3 

87  S 

1.03 

1.32 

0.59 

17.5 

92 

23Xi 

44 x 10"3 

879 

0.55 

1.07 

0.51 

18.5 

56 

20Cu 

95 x 10"3 

947 

1.06 

1.99 

0.53 

17.5 

93 

20Za 

3Sx  10”° 

975 

0.94 

l.oS 

0.56 

1 n r 

36 

o'Ga 

120  x iu’3 

102-1 

1.29 

2.13 

0.59 

17 ,5 

151 

320e 

139 x 13*° 

1064 

1.25 

2.29 

0.59 

17.5 

153 

30  As 

127*  10"° 

1109 

1 °2 

2.13 

0.56 

17.5 

127 

E=-  : 3< 

L “ 0 

y . xn ) d£ 

Table  2 

-1 

:iim-m 

0 60 

NZ/A 

(/l3-5) 

a r. 

0 rj. 

0 - c 

6^ 

3° 

5 2 

4.95 

1.92 

’.i  ^2. 

12 .6 

11.60 

2.49 

12:,‘o 

10 .0 

3.31 

1.72 

___ 

12" *- 

ivy  .2; 

• J“ 

'«.,iT«J  -L; . . 

—7-  O 

-a;  st* 

14s : ‘ 

11.6 

9.96 

1.55 

, rP 

19 .3 

17.56 

2 22 

- 

O 

16s 

9 .5 

3.55 

1.57 

*^L* 

l O . 



is- 

19.2 

17.90 

VPJ  « • - 

G ? 

orCa 

12.1 

11 .63 

1.62 

• ;• 

6 

24Cr 

36 

81 .6 

2 .56 

1- 

•5 

o - Ivin 

115 

76. 1 

2 .96 

, , , , . 

• » 

‘r?'3 

71 

£0.5 

2.55 

G " w '.p 

••0  i2 

30  3- 

*r  - 

O rj. 

“**/* 

— 0 ~ ^ 

V< 

o=Ni 

46 

24  2 

1.59 

: . Tr.y , converge 

■■•'•O'  — 

-3--  2. 

20Cu 

102 

72.2 

2 . jg 

2oZr. 

93 

65.7 

2 03 

0 7 ^-a 

140 

92 .6 

2.21 

150 

101.5 

2 .25 

m 

99.3 
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XXX=CUG4 


Table  1.  Integrated  ctoss  sections  for  the  S”  (-/,»/>)  P*, 
Ca^^npJK***,  and  ZnM(T,»/>)CuM  reactions. 


i'»u 

(MeV) 

J 

Sa(y,np)P*> 

„dE  (MeV  mb) 
Ca «(7, »/>)£"•  Zn1 

50 

64±2 

31±1 

12X=te3 

100 

79±5 

35db5 

160±7 

140 

81±6 

35=1=7 

160±20 

200 

107±8 

43±9 

270±30 

250 

150rbl0 

72±  11 

370±45 

300 

190±12 

88±14 
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Fig.  2'  “Mass"  histogram  for  the  t!)17  tracks  measured 
in  four  plates  irradiated  at  - - 15",  +45“  and  + 105" 

to  the  incident  beam,  respectively  (positions  n“  1,  5,  S e 10). 
Only  tracks  with  ranges  less  than  14Uji  were  included. 
Tile  dashed  curves  calculated  'lull*",  of  the  proton,  deulerou 
and  alpha  particles  [leaks  lor  a standard  error  of  2 4”  in  O, 
normalised  respectively  to  till!  protons.  2X  doll  I crons  and  I lit 
alpha  particles.  In  the  lower  part,  the  full  curve  gives  the 
sum  of  the  alpha  and  proton  curves  u.e.  with  O',  of 
deutcrous).  In  the  up|>er  [tart  the  full  curve  represents  the 
sum  of  the  three  [tarlieles  curves  t.i.er  with  2'.u  of  ileulerons 
and  7.S'  c of  alpha  |iarticlesl. 
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Table  III.  List  of  effective  cross  sections. 
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30 
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6.7 

Ni 

6.54 
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12 
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Co 

no 
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Hg 
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Ti 

72 

6.413 

Ti  • 

10 

6.413 

Ti 

25 

•^*6.3 

. . b 

6.31 

Hg 

6* 

6.3 1 

Hg 

2« 
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A? 

75 

6.1S 

Gd 

. . .« 

5.8 

Ni 

. . .1 

6.12 
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35 
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Cl 
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5.99 

Hg 

40*« 
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Hg 
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Co 

17 

5.646 

Co 
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7.300 

As 

80* 

TI 

Pb"s 
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* Hi*h-ener*y  component  of  a com  pier  spectrum. 

.ThS«\dJCaiterT?  8P«ct™m  no  ooservable  peak  structure. 

„ . , Jih^ a rc  actu ai  1 y two  lines  of  energies  7.647  and  7.633  MeV  having 
equal  intensities  in  the  Iron  capture  gamma  spectrum.  The  cross  section 
h«  therefor,  been  corrected,  although  there  is  no  possibility  S^JeSttf 
deciding  which  line  is  responsible  for  each  resonance.  Present  o< 

rays  onPTe  y “ lndep<:ndra‘  **»«*3n  complex  spectrum  of  N1  y 

* Rough  estimate. 

1 be,  '"elastic  component  from  7.S2S  level  in  Te. 
co- Jokers!* ti’r'  *“*  “““"‘Hes  ta  lhto  <=»*«  are  due  to  Greater  and 

* kaow?  ,or  the  *Kir”  at  this  energy. 

Dlfflcult  to  resolve  among  the  many  source  line*  present  at  this  energy. 
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Table  1 

Experimental  data  and  results 


Element 

Mg 

Al 

S 

Ni 

Cu 

Zn 

Error  (%) 

target  thickness  (mg/cm1) 

0.S1 

1.54 

0.80 

2.50 

2.68 

3.00 

•5*) 

dose  (r) 

6190 

25400 

23200 

3880 

5840 

4220 

10 

yield  absolute  (lCP/mole  • r) 
for  Em  > 3.16  MeV 

0.61 

0.93 

1.46 

1.65 

0.92 

2.42 

11  *) 

yield  relative  to  Ni 

0.36 

0.56 

• 0.88 

1 

0.55 

1.43 

S») 

9.6 

11.4 

12.4 

7.0 

3.2 

M 

nuclear  temp,  d (MeV) 

1.43 

1.48 

1.46 

1.04 

0.91 

10 

level  density  parameter  a 
(MeV-1) 

5.1 

4.8 

4.9 

8.6 

10.8 

10 

»)  For  S,  the  error  of  the  target  thickness  has  been  10  %,  of  the  absolute  yield  14  % and  of  the  relative  yield  10  %. 
b)  For  Zn  a?i  ,ot  is  not  known. 


Fig.  4.  Position  of  the  peaks  in  different  photoalpha  spectra  plotted  against  Zof  the  target  nuclei, 
x : Schecr  et  al  ">),  ■ : Kregar  and  Povh  •).  A : Meneghetti  and  Vitale »),  ♦ : Erdds  et  at 1), 
o : Komar  et  al'),  • : this  work.  The  signs  show  the  position  of  the  maximum,  the  bars  give  the 
widhs  at  half  maximum.  The  curve  shows  the  height  of  the  Coulomb  barrier. 


Fig.  3d-e.  Photoalpha  spectra  of  Ni  and  Zn.  Notations  as  in  fig.  3a-c. 

Fig.  3f.  Statistical  plot  of  the  measured  spectra.  The  straight  lines  are  drawn  to  give  the  best  fit. 
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Tabu  L Comparison  of  present  cross-section  values  in  mb 
for  production  o i high-energy  photoneutrons  by  55-85-MeV  pho- 
tons with  measured  cross  sections  v(y,Tn),  also  in  mb,  for  total 
photoneutran  production.  The  present  cross-section  values  are 
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Fig.  3.  Experimental  (o)  and  statistical  model  (\1  absolute  pliototriton  yields  pH)  MeV).  Yields, 
expressed  in  terms  of  '‘effective  cross  sections"  (ub),  are  plotted  \crsus  mass  number.  Limits  for  the 
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Fig.  2 Angular  distributions  for  32  MeV  electron  energy 
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Fig  13  Experimental  and  theoretical  relative  photo- 
alpha vieids  for  32  MeV  electron  beam  energy 
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Fig.  5.  Alpha  spectra  from  zinc. 

Fig.  6.  32  MeV  zinc  angular  distribution. 
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Fig.  15.  Ratio  a^Jap  versus  atomic  number  A.  Here  ooM  is  the  level  density  parameter  taken  from 
the  neutron  resonance  work  of  refs.  '• 2),  and  a,  is  the  level  density  parameter  derived  from  the 
present  (y,  n)  work,  filled  circles  represent  points  where  nuclei  in  the  neutron  resonance  and  in  the 
( V . n)  experiment  were  the  same.  Open  circles  represent  points  where  the  respective  nuclei  were 
approximately  matched.  Triangles  represent  points  which  are  based  on  measurement  of  neutron 
mean  energies  at  two  bremsstrahlung  energies  only. 
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24 

8% 

25 

73% 

26 

5% 

27 

5% 

V) 

27 

100% 

1.96 

> 

O 

00 

6.35-3,V 

0.73 

Cr 

25 

4% 

P 

G 

1.89 

8.6-5,Cr 

6.9  -31Cr 

0.80 

27 

84% 

28 

10% 

29 

2% 

Mn 

29 

100% 

V.P. 

G 

2.1 

8.2-34Mn 

7.82-36Mn 

0.94 

Fe 

27 

6% 

F 

G 

1.96 

8.0-33Fe 

7.06- 3 3 Fe 

0.88 

29 

92% 

30 

2% 

Co 

31 

100% 

P 

F 

2.12 

7.7-3®Co 

8.35-s0Co 

1.08 

Ni 

29 

68% 

V.P. 

P 

2.04 

1.4 

6.5-377Ni 

7.19-39Ni- 

1.10 

(Z  = 28) 

31 

26% 

32 

1% 

33 

4% 

> 

35 

1% 

Cu 

33 

69% 

V.P. 

P 

1.78 

1.0 

9.8-42Cu 

8.90-S4Cu 

0.91 

35 

31% 

Zn 

33 

49% 

F 

F 

1.61 

10.5-64  4Zn 

10.0-S5Zn 

0.95 

35 

28% 

36 

4% 

37 

19% 

As 

41 

100% 

V.P. 

F 

1.44 

14.5-7*As 

12.81-76As 

0.88 

Se*) 

41 

9% 

1.39 

13.3-78Se 

12.8  -7sSe 

0.97 

42 

8% 

43 

24% 

45 

50% 

47 

9% 

Br 

. 43 

45% 

V.P. 

V.P. 

1.41 

14.5-79Br 

12.69-s0Br 

0.88 

45 

49% 

Sr 

47 

10% 

F 

G 

1.31 

13.6-87Sr 

11.4  -,7Sr 

0.84 

48 

7% 

49 

83% 

J)  Neutron  numbers  and  abundances  of  respective  residual  nuclei  in  (/,  n)  experiments. 
s)  These  give  an  assessment  of  the  goodness  of  fit  of  a calculated  £n  versus  E0  curve  to  the 
observed  data,  using  the  Fermi  gas  level  density  formula  both  without  and  with  pairing  corrections. 
')  Bremsstrahlung  photoneutron  mean  energies  £„  for  peak  bremsstrahlung  energy  E0  — 24  MeV. 

*)  Nuclear  temperature  from  fit  with  constant-temperature  formula. 

')  Level  density  parameter  a„  derived  from  the  present  ( y , n)  experiment,  using  a Fermi  gas 
formula  plus  pairing  correction,  and  corresponding  residual  nucleus  (the  atomic  weight  shown  is 
the  weighted  average  of  atomic  weights  of  the  respective  isotopes  present). 
f)  As  column  7,  but  using  data  on  n-resonance  absorption  from  refs.  *•  -). 

*)  Measurements  of  .£„(£„)  for  these  nuclei  were  made  only  for  £0  = 21,  23  and  24  MeV. 
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V.  Emma,  S.  Lo  Nigro,  C.  Milone 
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ELEM.  SYM. 


Zn 


30 


METHOD 


REF.  NO. 

76  Em  2 


egf 


REACTION 

RESUL  T 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

g^f 

ABY 

THR-999 

C 999 

TRK-I 

4PI 

Tabm  1 

Measured  values  of  <r,  at  £=  1000  MeV  and  deduced  values  of  ax  assumed  constant  from  £0  to  1000  MeV 


999  = 1 GEV 


Element 

z2/a 

(mb) 

£o 

(MeV) 

<rk 

(mb) 

Bi 

32.96 

12.3  ±0.6 

200 

7.6 +0.6 

Pb 

32.45 

5.4  ±0.4 

220 

3.6 +0.3 

T1 

32.10 

4.1  ±0.3 

230 

2.8 +0.3 

Au 

31.68 

2.0±0.15 

240 

1.4 +0.2 

pt 

31.18 

1.1  ±0.08 

255 

(8  +0.7)  x 10* 1 

Re 

30.21 

(3.7±0.3)x  10- 1 

280 

(2.9 + 0.3)  x [O' 1 

W 

29.78 

(3.5  ±0.3)  x 10" 1 

290 

(2.8 +0.3)  x 10' 1 

Ta 

29.45 

(3.3  ±0.3)  x 10' 1 

300 

(2.7  + 0.3)  x 10”  1 

Hf 

29  04 

( 1.7 ± 0.2)  x 10" 1 

310 

( 1.4  + 0.2)  x 10" 1 

Yb 

28.31 

(1.3  ±0.1)  x 10*‘ 

330 

(1.2  +0.1)  x 10“  1 

Tra 

28.18 

(7.5  ±0.8)  x 10'2 

335 

(6.8  +0.8)  x 10“2 

Ho 

27.21 

(3.6±0.4)  x 10~2 

355 

(3.5 +0.4)  x 10'2 

Dy 

26.80 

(2.6  ±0.3)  x 10- 2 

360 

(2.5  +0.3)  x 10- 2 

Tb 

26.58 

(2.5  ±0.3)  x 10- 2 

370 

(2.5  + 0.3)  x 10‘2 

Gd 

26.04 

(1.6 ±0.2)  x 10*2 

380 

(1.7  + 0.2)  x 10' 2 

Sra 

25.56 

( 1.3  ±0.2)  x 10* 2 

390 

( 1 .4  -a-  0.2)  x 10"  2 

Nd 

24.96 

(9_2 ±0.9)  x 10'3 

405 

(1  +0.1)xl0-2 

Ce 

24.00 

(8  ±0.9)  x 10- 3 

420 

(9  +1  )xl0-3 

La 

23.39 

(8.4 ±0.9)  x 10' 3 

430 

(1  u-0.1)  x 10"3 

Sb 

21.36 

( 1 .2 ± 0_2)  x 10* 2 

460 

( 1.5 + 0.3)  x 10- 2 

Te 

21.19 

(8.8 ±1  ) x 10~3 

465 

(1.2  + 0.2)  x 10'2 

So 

21.06 

(1.3 ±0J2)  x 10'2 

465 

( 1.7  + 0.3)  x 10" 2 

Cd 

20.49 

(1.7 ±0.3)  x 10'2 

470 

(2.2  + 0.4)  x 10' 2 

Ag 

20.47 

(2  ±0.3)  x 10- 2 

470 

(2.6 + 0.4)  x 10'2 

Zn 

13.76 

(2  ±0.4)  x 10* 1 

515 

(3  +0.6)  x 10" 1 

: Cu 

13.44 

(2.4 ±0.5)  x 10- 1 

515 

(3.6  + 0.8)  x 10* 1 

Ni 

13.35 

(2.4  ±0.5)  x 10" 1 

510 

(3. 6 + 0.8)  x 10*  1 

Fe 

12.10 

(3  ±0.6)  x 10*  1 

510 

(4.4 ±0.9)  x IQ'  1 

Fig.  2.  Nuclear  fissilities  as  a function  of  Z2  A.  Experimental  points,  solid  circles  represent  our  data; 
squares  the  data  Irom  ref.  *):  open  circles,  the  data  from  ref.  7);  and  crosses,  the  data  from  (p,f)  experi- 
ments- ).  The  straight  line  is  the  best  tit  calculated  from  our  data  for  Z2 . .-!>  26.  The  dashed  curve  is  the 
curve  VI  calculated  by  Nix  and  Sassi12). 
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REACTION 

RESULT 

EXCITATION 
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DETECTOR 

ENERGY 
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HANOI 

TYPE  HANOI 
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c 
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4PI 

G.2N 
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20-23 

c 
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ACT- 1 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

angle 

TYPE  RANGE 

TYPE  RANGE 

G,N 

ABX 

12-22 

C 12-22 

ACT- 1 

4PI 

G,  2N 

ABY 

15-22 

C 12-22 

ACT- 1 

4PI 

Zn'4  ' n n)  Zrt  43 


* u m a * rt 


Fig.  11 


Elemcnto 

I.imiar 

Emai. 

max . 

A 

rUarg.; 

yv<it 

11,62 

17 

0,087 

2,9 

6,2 

2,03 

Zn" 

(y,n) 

Mov. 

Mev. 

barns 

Mev. 

Mev. 
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REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,2N 

ABI 

THR-  30 

C 32 

ACT- 1 

4 PI 

Tabclle  1. 

Zusammcnstellung  dcr  gem.  \V.  Q. 


Renktion 

Q-Wert 

MeV 

MeV  bam 

Vcrhiiltnis  dcr  QuerscliniUc 

Zn **(•/,  np)Cn*4*) 

13,65 

0,02 

" -8.8  4-0,8- 

Zn**(y,  p)Cu*T**)‘) 

10,01 

0,08 

a Zn«(y,  nr) 

Zn **{y,  2n)Zn‘* 

20,82 

0,08 

a'/.n**(y,  np)  _ Q 

Mo”(y,  np)Nb,<l 

19,5 

0,02 

a Zn44  {y,  2 n) 

Mo**(y,  p)Nb17 

0.09 

ffMo“(y,p) 

4,o 

<TJfoM(y,  np) 

*)  ffmij • 5,3  mb  bci  Ev  = 27  ± 0,5  MeV  r = 3,7  MeV. 
•*)  <7m„:  11.5  mb  bei  Ey  = 22  ± 0,5  MeV  T = 6.4  MeV. 
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Zn 


6b 


50 


Method 


Activation;  22  MeV  Betatron 


Ref.  No. 

58  Go  3 


EH 


Reaction 


E or  AE 


<rd  E 


J rr 


Notes 


(Y,d ) + 

(y*  np) 


16-22 


IT 

21 


a = 

max 

G = 

max 


lmb. 

3 mb. 


C/m 


* 


MW 


p*-  > 
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Zn 


64 


30 


REF.  NO. 


58  Ho  1 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G ,NP 

ABI 

18-  32 

G 32 

ACT -I 

4PI 

(y,np)  yields  include  (y.d). 


Ta belie  I 


Rcaktion 

(J-Wcrt 

McV 

I.W.q.  of 
McV  barn 

nib 

P 

McV 

r 

McV 

Ca40(y,  />«)  K3* 

- 24,3 

0,U05 

2,4 

30  ± 1 

2,1 

Zna1(y,  pn)  Cua* 

- 18.36 

0.O3 

Zn M(y,  pn)  Cu*4 

- 18,65 

0,031 

7,2 

28  ± 1 

4 

Zn**(y,  p)  Cu*7 

- 10,01 

0,10 

11,4 

22,7  ± 1 

6 

Sc >9{y,  pn)  As71 

- 20.43 

0,(12 

Zn,4(}',  2n)  Zn*» 

-20,82 

0,08 

Mo**(y,  pn)  Mb30 

-19,5 

0,02 

Sb1E1(y,  pn)  Sn111 

- 18,2 

0,0000 
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Zn 


6k 


50 


i Method  . 7 / \ 

i Li  (P,Y)  rays;  GH  counter;  BF  ; 4tt  neutron 

5 


Ref.  No. 

59  Na  1 


EH 


Reaction 


E or  AE 


s 


<7d  E 


J if 


Notes 


Zn^(Y,n) 


Bremss. 
1?  .6 


<7  = 23.3±l8^  mb. 

The  ratio  1:2  was  used  as  the 
intensity  ratio  of  1^.8  to  17.6  MeV 
photons  and  the  results  of  betatron 
experiments  to  make  the  correction. 

The  incident  flux  was  determined  by 
calculating  how  many  electrons  should 
be  ejected  per  photon  from  a metal 
foil  placed  in  front  of  a geiger 
counter. 
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Zn 
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method  63/  \ 

Betatron;  neutron  cross  section;  radioactivity;  Cu  (Y,  n;  monitor 


REF.  NO. 

60  Ro  k 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,N 

ABX 

12-23 

G 12-23 

ACT- 1 

Lpi 

Fig.  1.  Activation  curve  for  the  reaction  Za*4<71»)Zau  (corrected  for  if -capture). 


TABLE  I 


Ratio 

*(y,n)dE, 

(a-  for  Cua(y,n)}/ 

0inax» 

mb 

EmAXt 

Mev 

J, 

)«•  for  Znw(7,H)  | at 

References 

Yield,  n/molc  100  r 

Mev 

Mev-barn 

(Et.  Mev) 

17.6  Mev 

Price  and  Kerst  (1950) 

2.35X10’  at  22  Mevf 

Katz  cl  al.  (1951) 

2.S2X10’  at  22  iMev 

120 

18.5 

7.1 

0.83 

(24) 

Katz  and  Cameron  (1951)* 

124 

18.7 

7.9 

0.99 

(24) 

Scrauch  C1951) 

(0.S3  rel.  to  Cuu  at  322  Mev) 

(-.56) 

(322)  t 

Marshall  (1951) 

(1.05  rel.  to  CuS3  at  50  Mev) 

0.77 

(50) 

Sagane  (1952) 

(-.56) 

(67)  t 

Montalbctti  cl  al.  (1953) 
Bunbury  (1954) 

Gavrilov  and  Lazareva  (195G) 

2.9 X103  at  22  Mev 

82 

16.3 

6.3 

0.C6 

(27) 

1.3 

Present  work 

1.60X10’  at  22  Mev  (.71  rel. 

48 

17.2 

7.0 

0.33 

(23) 

1.9 

to  Cu°  at  22  Mev) 

•Recalculation  of  values  of  Katz  cl  a/.  (1951)  using  photon  difference  method. 


fFor  natural  element. 

IThese  values  are  calculated  from  a relative  integrated  cross  section  of"  0.89  compared  to  the  reaction  Cu°(-r,n)  Cu‘*.  assuming  the  cross  section  to  be  small  above  the  giant 
dipole  resonance. 
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30 


Method 
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Li  (p,Y)  source;  activation;  Nal 


Ref.  No. 

61  Co  2 


JHH 


Reaction 


E or  A E 


ad  E 


J rr 


Notes 


(Y,n) 


cr  = mb  relative  to  59-8  mb  for 

65 

Cu  n) , measured  for  Vj-0  keV  (E  ) 

7 ^ 

resonance  radiation  from  Li  . 
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Zn 
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64 
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30 

method 

REF.  NO. 

100  MeV  synchrotron 


64  Co  3 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,N 

ABX 

THR- SO 

C 10-80 

. BF3-I 

4PI 

Tab  lb 


ELEMENT 

Yield  (36  MeV) 
[ n.  cm^  ^ 

y 30 

«80 

XK 

0-1 

(mb) 

\ mol.  MeV  / 
X 108 

24Cr  

83 

1.21 

2.1 

0.58 

62 

2S^n  

108 

1.52 

2.33 

0.65 

76 

MFe  

68 

0.88 

1.46 

0.60 

50 

21  Co  

89 

1.08 

1.82 

0.59 

64 

28^  

44 

0.55 

1.07 

0.51 

34 

2®CU  

95 

1.06 

1.99 

0.53 

72 

MZn  

88 

0.94 

1.68 

0.56 

66 

uGa  

130 

1.29 

2.18 

0.59 

94 

”Ge  

139 

1.35 

2.29 

0.59 

101 

sjA3  

137 

1.22 

2.18 

0.56 

100 

a r » 

1 a ( E ) 4 E is  the  integrated  cross  section  measured  in  units  of 

60  NZ  J • 

the  classical  dipole  60  NZ/A  mb.  MeV. 


FORM  HBS-418 

I (REV.  7-1  *-941 
I USCOMM-OC  29010-P94 


U.s.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUR  EAU  OF  3TANOAROS 


PHOTONUCLEAR  DATA  SHEET  472 


REF. 


H.  Hoffmann,  B.  Prowe  and  H.  Ullrich 
Nuclear  Phys.  8£,  631  (1966) 


ELEM.  SVM. 

Zn 


64 


30 


METHOD 


Betatron 


REF.  NO. 

66  Ho  3 


JDM 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  RAN  GC 

TYPE  RANGE 

G,  A 

SPC 

THR-31 

C 31 

SCD-D  3-14 

130 

Table  1 

Experimental  data  and  results 


Element 

Mg 

. Al 

S 

Ni 

Cu 

Zn 

Error  (%) 

target  thickness  (mg/cm*) 

0.31 

1.54 

0.80 

2.50 

2.68 

3.00 

3») 

dose  (r) 

6190 

25400 

23200 

3880 

5840 

4220 

10 

yield  absolute  (10*/moleT) 
for  Em  > 3.16  MeV 

0.61 

0.93 

1.46 

1.65 

0.92 

2.42 

11  ») 

yield  relative  to  Ni 

0.36 

0.56 

. 0.88 

1 

0.55 

1.43 

3 *) 

' 9.6 

11.4 

12.4 

7.0 

3.2 

*) 

nuclear  temp,  d (MeV) 

1.43 

1.48 

1.46 

1.04 

0.91 

10 

level  density  parameter  a 
(MeV-*) 

5.1 

4.3 

4.9 

8.6 

10.8 

10 

...  . — ^ 

»)  For  S,  the  error  of  the  target  thiclcness  has  been  10  %,  of  the  absolute  yield  14  % and  of  the  relative  yield  10  %. 
»)  For  Zn  <r7t  l0,  is  not  known. 


Fig.  4.  Position  of  the  peaks  in  different  photoalpha  spectra  plotted  against  Z of  the  target  nuclei, 
a : Scheer  et  al  '•),  ■ : Kregar  and  Povh  •).  A : Meneghetti  and  Vitale  *),  ♦ : ErdOs  et  a I '), 
o : Komar  et  al1),  • : this  work.  The  signs  show  the  position  of  the  maximum,  the  bars  give  the 
widha  at  half  maximum.  The  curve  shows  the  height  of  the  Coulomb  barrier. 


Fig.  3d-e.  Photoalpha  spectra  of  Ni  and  Zn.  Notations  as  in  fig.  3a-c. 

Fig.  3f.  Statistical  plot  of  the  measured  spectra.  The  straight  lines  are  drawn  to  give  the  best  fit. 
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La is s- Penfold  method. 

The  cross  section  for  the  Znsl,(Y,n)  reacticn  is  shcan  in  Pie.  1.  Also  shown  are  the 
predictions  of  Greiner1  \ whcee  model  considers  the  Goldhaber- Teller  type  dipole  vibration,  the 
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The  predictions  shew  cnly  the  energy,  and  integrated  absorption  cross  section  for  the  several 
transitions.  • 

The  PrJI,l(y,n)  cross  section  is  shewn  in  Fig.  2,  and  the  calculations  of  Huber1^  are 
shown  in  blocked  form;  their  detail  is  the  same  as  above.  In  this  case,  the  surface  vib- 
ration phonon  energy  mss  not  so  easily  fixed  as  in  the  case  of  even-A  Zn41*,  There  ware,  in 
the  case  of  Pr1%l,  two  possible  choices  indicated  by  the  low  energy  spectra  of  neighbouring 
nuclei.  The  more  suitable  cne  is  indicated  in  Fig.  2. 


In-  both  cases,  the  amtxgvt  of  structure  found  experimentally  exceeds  that  predicted  by  the 
dipole-surface  vibration-interference  model.  However,  by  worsening  the  experimental  rasol- 
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Fig.  2.  -*(y,  Tn)  croBS-seotion  for*Zn.  The  vertical  bars  represent  the  dipole  strengths  calculated  for 

“Zn  ( ),  “Zn  ( ) and  “Zn  ( ).  Open  circleajgive  the  (r.  Tn)  cross-section  oorrected 

for  neutron  multiplicity.  The*  level  density  parameter  used  has  been  taken  from  ref.  (•). 
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FIG.  2.  Form  factors  of  E, 
and  E}  transitions  in  Zn*4  (a)  and 
Zn*4  (b).  The  solid  curves  pertain 
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FIG.  1.  Spectra  of  electrons  scattered  by  (a)  Zn*4  and  (b)  Zn*4  at 
75*  (E«  ■ 150  MeV).  Ordinates  are  given  in  arbitrary  units. 


Table  I.  Reduced  probabilities  and  fitting  parameters 
and  Ba  of  E2  and  E3  transitions  In  Zn  isotopes 


f 

a 

> 

Vlbftrtondi  nmxM 

Hdnr’i  model 

Olka  icfilu 

i 

M 

Nk-  M 
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(3.3 
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la.si 

2- 
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2* 
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1480  + 1501*) 
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19401") 
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Table  IX.  Parameters  of  the  charge  distribution  in 
Zn  isotopes  for  the  Fermi  model  and  the  Gaussian 
uniform  model 
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Abstract:  The  (7, np)  reaction  is  discussed  as  a probable  channel  for  observation 
of  the  T = TQ+  1 component  of  the  giant  dipole  resonance,  and  experi- 
mental evidence  is  presented  in  support  of  this  conjecture  in  the  case 
of  64  Zn. 


FIG.  2.  The  relative  cross  sections  tor  u2aty,n),  bjtp).  “d  along  with  the  sum  cross  section  for  ail 

three  reactions. 
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FIG.  3.  The  measured  cross  section  for  MZn(y,np)“Cu  (points).  The  solid  curve  is  the  measured  (y.n)  cross 
lection  shifted  up  in  energy  by  7.7  MeV  and  multiplied  by  0.196. 
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TABLE  I.  Separation  energies  A£  =•£>-£<  of  the  T + 1 and  T components  of 
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5216 

2 
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‘First  excited  state. 


FIG.  2.  Pto ton-capture  yield  curves  for  the  ground- 
state  (y#)  and  first-excited-state  (y)  transitions  in  MZa 
plotted  as  a function  of  y ray  energy. 
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Fig.  3.  Electron  scattering  form  factors  for  the  lowest 
two  2*  3tates  In  64Zn.  Solid  lines  were  calculated  using 
a best  fit  admixture  and  phase.  The  dashed  line  re- 
presents the  harmonic  two-phonon  form  factor.  The 
shaded  and  cross-hatched  regions  were  determined  by 
using  admixtures  which  fit  the  measured  SR  for  4>  = 
tt  and  0,  respectively. 
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Properties  of  the  Zn  levels  observed  in  the  brcmsstrahlung  experiments 
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Fig.  3.  Angular  distributions  of  protons  with  energies  greater  than  8 MeV,  for  several  bremsstrahlung 

end-point  energies. 


f/i 

£ 

2 

> 

cr 

< 

oc 

\— 

03 
X 
< 

Q 

-J 

UJ 

> 

2 

O 

Y- 

O 

tr 

o. 

| 

£ 


ANGLE 

Fig.  4.  Angular  distributions  of  protons  with  energies  between  4 and  3 MeV,  for  several  brems- 
strahlung end-point  energies. 


(over) 


form  M3S-418 

(R  EV.  7-t  4- *4) 
USC  OMM-N  BS-0  C 


PH0T0NUCLEAR  DATA  SHEET  485 


U.S.  OEF«^TM£NTCF  COMMERCE 
NATIONAL  BUREAU  OF  STANDARDS 


Fig.  6.  Total  cross  section  for  production  of  photoprotons  with  energies  above  4 MeV. 
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The  measurement  of  (y,  n)  cross  sections  in  spherical  medium  weight  nuclei 
is  of  great  interest  for  determining  the  coupling  of  low  energy  surface  vibrations  and 
high  energy  dipole  oscillations.  The  coupling  has  been  theoretically  investigated  by 
Huber  et  al.  and  found  to  result  in  a considerable  splitting  of  the  photonuclear  reso- 
nance. Experimentally  bremsstrahlung  measurements  have  indicated  a pronounced 
structure  i-n  (v*11)  cross  sections  ’ which  is  not  present  in  measurements  with 
Y~rays  from  positron  annihilation  in  flight^’  In  this  experiment  a photoactivation 
method  and  monochromatic  y-rays  from  the  H(p,y)  He  reaction  were  employed  to 


measure  the  (y,  n)  cross  section  for  Cr  and  "Zn.  The  y-rays  were  monitored  by 
a Nal(Tf)  crystal  enclosed  in  a lead  and  paraffin  shield  to  reduce  background  radia- 
tion. The  positron  activity  was  determined  by  a coincidence  detector  consisting  of 
two  Nal(Tf)  crystals  set  on  the  annihilation  radiation  photopeaks.  The  y-ray  energy 
was  va ried  in  steps  of  150  ke V from  20.43  to*3  22.2  MeV  and  the  energy  res olution 
was  less  than  110  keV  over  the  entire  energy  range.  The  experimental  cross  sections 
of  the  two  reactions  were  found  to  vary  smoothly  as  a function  of  energy.  The  results 
for  the  Zn(y,n)  process  do  not  agree  with  those  of  Owen  et  al.  , who  observed 
two  resonances  33  0.  5 to  1 MeV  wide  in  the  same  energy  range.  The  shape  of  the  ^Cr 
(y,  n)  cross  section  is  in  fair  agreement  with  the  calculation  of  Huber  et  al.^  for 
widths  of  the  dipole  states  of  the  order  of  3 MeV. 
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Total  photoneutron  cross  sections  have  been  obtained  for  wZn  and  ^Za.  The  measurements  were 
carried  out  from  threshold  to  27  MeV  in  50-keV  steps.  A distinct  structure  is  observed  in  the  cross 
sections.  The  half-width  of  the  curves  is  about  10  MeV.  The  integrated  cross  sections  for  wZn  and 
MZn  without  taking  into  account  multiple  processes  are  800^80  and  1630^160  MeV  mb.  The 
experimental  data  are  compared  with  the  predictions  of  the  dynamic  collective  model  and  with  the 
concept  of  isospin  splitting  of  the  giant  resonance. 
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Fig.  1.  Cross  sections  of  photoneutron  reac- 
tions on  64,66,682n^  The  dipole  photoabsorp- 
tion forces  are  taken  from  (6,7]  (the  solid 
black  columns) . 
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Fig.  2.  Cross  sections  divided  by  the  Mott  cross  section  for  the  excitation  of  the  first  and  second  2* 
states  ia  **Zn  and  70Zn,  respectively,  versus  the  effective  momentum  transfer.  The  cross  sections 
measuMd  at  different  values  of  the  incident  energy  £ were  transformed  to  the  common  energy 
£0  = 120  MeV.  The  curves  are  the  best  fit  of  the  anharmonic  vibrator  model. 
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4.29  ±0.08 

0.71  ±0.05 

0.25  ±0.02 

-0.233  ±0.022 

72(!iJ) 

50±13 

Derived  2*  state  static  quadrupole  moments,  2J  state  branching  ratios,  and  £(E2;  0*  -*■  2J)  are  given. 
*)  Ref.  19). 
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Abstract:  The  inelastic  electron  scattering  cross  sections  for  the  quadrupole  transitions  to  the  2 * and  2^ 
states  in  the  even  Zn  isotopes  6*Zn.  MZn  and  6SZn  and  for  the  hexadecapole  transition  to  the  4* 
state  in  “4Zn  have  been  measured  in  a momentum  transfer  range  up  to  q = 2.2  fm  * 1 . In  the  frame- 
work of  the  vibrational  model  these  states  are  considered  as  one-  and  two-quadrupole-phonon  states. 
The  measurements  are  characterized  by  high  statistical  accuracy  and  by  an  overall  resolution  of 
SE,  E0  = 10" 3 which  permitted  separation  of  almost  all  members  of  the  two-phonon  triplet.  The 
measured  cross  sections  are  analyzed  with  phenomenological  models  as  well  as  with  a Fourier- 
Bessel  expansion  of  the  transition  charge  density.  The  latter  analysis  yields  realistic  error  bands  for 
the  transition  charge  densities  and  model-independent  values  for  the  reduced  transition  probabilities 
and  transition  radii. 


E 


NUCLEAR  REACTIONS  ^ 66  6*Zn(e,  e'),  E = 100-275  MeV;  measured  d<r/dfl(£.  0). 
64. 66.  »aZn  |eveis  deduced  transition  charge  density,  S,(Ex)and  transition  charge  radii  Rxr 

Enriched  targets. 


LEV.  .992,  1 .800 , 2.305 


3 3 
< _ 
H-  3 


> 

u 

_ 2 
N £ 

5 2 
II 


o o — 

+1  -H  -H 
i-l  o o 
3>  ~0  5 
— -r  r j — 


o o — 

-H  +1  -H 


— -T 
T — 


O O 
= ~ ^ 
o o — 
+1  -H  -H 
60  O O 


I 5 -a  °sT< 


Fig.  3.  Cross  sections  divided  by  the  Mott  cross  section  for  the  allowed  transitions  to  the  2*  state  in 
41Zn,  66Zn  and  s,Zn  versus  the  effective  momentum  transfer.  The  measured  cross  sections  are 
transformed  to  a common  incident  energy  £„  = 275  MeV.  The  curves  represent  best  fit  DWBA  cal- 
culations with  the  Founer-Bessel  expansion  of  the  transtion  charge  density  (solid  line),  the  modified 
Tassie  model  (dashed  line)  and  the  Gaussian  model  (dashed-dotted  line). 
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Table  5 


Reduced  transition  probabilities  fl,(E2)  and  transition  radii  /?„  for  the  states  in  “Zn,  66Zn  and  68Zn 


“Zn 

£ = 0.992  MeV 

66Zn 

£ = 1.039  MeV 

8,Zn 

£ = 1.077  MeV 

S,(E2)(fmi) 
(e,  e')  *) 

1620  ± 90 

1410  ± 80 

1320  ± 70 

CE  “) 

1700  ±150 

1450  ±130 

1250  ±110 

R„  (I'm) 

5.44  ± 0.09 

5.39  ± 0.09 

5.47  ± 0.09 

1.38±  0.03 

1 .37  ± 0.03 

1 .38  ± 0.03 

*)  Model  independent  analysis,  this  work. 
b)  Ref.  le). 


Table  8 


Reduced  transition  probabilities  Bt(E2)  and  transition  radii'R,,  for  the  forbidden  transition  to  the  27 
states  in  “Zn.  6®Zn  and  08Zn  and  to  the  4,7  state  in  “Zn 


"‘Zn 

£ = r.800  MeV 

A = 2 

*6Zn 

£ = 1.873  MeV 
;.  = 2 

“Zn 

s = 1.383  MeV 

2 = 2 

“Zn 

£ = 2.305  MeV 
7 = 4 

S.(E7.)  (fm2i) 

17.0  ±1.2 

4.5  ±0.7 

46  ±7 

(3.4  ±1.0)x  10* 

R,t  (fm) 

4.6  ±0.1  • 

4.5  ±0.1 

5.9  ±0.1 

6.7  ±0.3 

R,„  K 

1.1 7 ±0.03 

1.1 4 ±0.03 

r.49±0.03 

1.70  ±0.08 

0.71  ±0.03 

0.69  ±0.04 

1 . 1 7 ± 0.06 

Fig.  8.  Same  as  fig.  3,  but  for  the  forbidden  transitions  to  the  2^  states  in  °*Zn.  **Zn  and  “‘Zn. 
respectively.  The  curves  represent  best-fit  DWBA  calculations  with  the  Fourier-Bessel  expansion  of 
the  transition  charge  density  ( solid  linel  and  the  phenomenological  model  given  in  eq.  (221  (dashed  linel. 
For  comparison,  the  shape  of  the  cross  section  for  the  allowed  transition  to  the  2,"  state  in  "'Zn  is  shown 

(uppermost  curve). 
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METHOD 


Tabi.k  1 

Compilation  of  the  measured  inelastic  cross  sections.  The  cross  sections  are  multiplied  by  10*.  where  the 
power  x is  given  in  cols.  4 and  3.  respectively 


E0 

(MeV) 

9 

(deg) 

10*(d<r/d£J) 

(cmJ/sr) 

X 

E„  > 

(MeV) 

6 

(deg) 

WiJo/dQ) 

(cm2;sr) 

X 

S4Zn:  s 

= 0.992  MeV  2,’ 

100.1 

60.0 

1.30+0.16 

29 

149.9 

100.0 

9.73±0.39 

33 

100.1 

65  0 

9.94  + 0.99 

30 

149.8 

100.0 

9.64±0.3O 

33 

100.1 

70.0 

8.91  +0.65 

30 

275.2 

47.0 

2.83  ±0.08 

31 

100.1 

75.0 

5.64  + 0.39 

30 

275.2 

50.0 

8.25  ±0.26 

32 

ICO.  1 

30.0 

4.93  ±0.24 

30 

275.2 

52.5 

6.19±0.!8 

32 

100.1 

85.0 

3.08  ±0.1 4 

30 

275.3 

55.0 

7.24±0.27 

32 

100.1 

900 

2.29  ±0.09 

30 

275.2 

58.0 

8.61  ±0.20 

32 

100.0 

95.0 

1.53  ±0.06 

30 

275.1 

60.0 

8.74  ±0.20 

32 

100.0 

100.0 

9.92±0.33 

31 

275.2 

62.0 

7.70±0.!8 

32 

100.0 

105.0 

7.24±0.22 

31 

275.3 

65.0 

5.82  ±0.15 

32 

100.0 

110.0 

4.S7  ±0.15 

31 

275.1 

65.0 

5.99±0.14 

32 

149.9 

60.0 

5.55  ±0.14 

30 

275.1 

66.0 

5.20  ±0.18 

32 

150.1 

65.0 

3.10±0  11 

30 

275.2 

68.0 

3.99±0.10 

32 

150.0 

67.5 

2.23  ±0.07 

30 

275.1 

70.0 

2.89  ±0.09 

32 

150.1 

70.0 

1.69+0.05 

30 

275.1 

70.0 

2.94  ±0.07 

32 

149.8 

70.0 

1.70  ±0.04 

30 

275.2 

72.0 

1.99  ±0.05 

32 

150.0 

72.5 

1.13  ±0.03 

30 

275.1 

74.0 

1.23  ±0.04 

32 

150.0 

72.5 

1.19  ±0.04 

30 

275.3 

75.0 

9. 17  ±0.30 

33 

150.1 

75.0 

7.92  ±0.23 

31 

275.2 

79.0 

2.32  ±0.09 

33 

150.1 

77.5 

5.47  ±0.1 6 

31 

274.9 

82.0 

7.10±0.49 

34 

149.8 

800 

3.71  ±0.09 

31 

275.3 

85.0 

2.71  ±0.55 

34 

150.1 

82.5 

2.34±0.08 

31 

275.1 

85.0 

2.00±0.3l 

34 

150.0 

85.0 

1.43  ±0.04 

31 

275.2 

88.0 

2.89  ±0.37 

34 

150.1 

85.0 

1.52  ±0.06 

31 

275.1 

92.0 

6.36  ±0.47 

34 

149.8 

90.0 

5.46  ±0.14 

32 

275.1 

95.0 

6.92  ±0.52 

34 

150.2 

92.5 

3.02  ±0. 10 

32 

275.1 

98.0 

7.93±0.57 

34 

ELEM.  SYM. 


Zn 


64 


30 


REF.  NO. 

77  Ne  3 


hg 


DETECTOR 


DST 


64Zn;  e = 

1.300  MeV  2; 

149.9 

60.0 

1.30±0.05 

31 

275.2 

58.0 

1.6  ±0.7 

33 

149.8 

70.0 

5.57  ±0.16 

32 

275.2 

62.0 

1.25  ±0.29 

33 

150.0 

72.5 

4.15  ±0.17 

32 

275.1 

65.0 

2.35  ±0.29 

33 

149.8 

80.0 

2.03  ±0.06 

32 

275.2 

68.0 

1 .99  ±0. 16 

33 

150.0 

850 

1 . 1 6 ± 0. 1 1 

32 

275.1 

70.0 

1 .72  ±0.12 

33 

149.8 

90.0 

5.56±0.23 

33 

275.2 

72.0 

1.67  ±0.09 

33 

150.2 

92.5 

3.86±0.46 

33 

275.3 

75.0 

1.43  ±0.09 

33 

149.9 

100.0 

1.33  ±0.21 

33 

275.2 

790 

8.77  ±0.53 

; 34 

149.3 

100.0 

1 .43  ±0.14 

33 

274.9 

82.0 

5.43  ±0.45 

34 

275.2 

47.0 

2.73  ±0.38 

32 

275.3 

85.0 

5.50  ±0.64 

34 

275.2 

50.0 

9.7  ±1.3 

' 33 

275.1 

85.0 

5.01  ±0.42 

34 

275.2 

52.5 

2.9  ±1.1 

33 

275.2 

38.0 

3.26  ±0.34 

34 

275.3 

55.0 

1.3  ±1.3 

33 

275.1 

92.0 

1 99  ±0.33 

34 

’■‘Zn.  s = 

2.305  MeV  4,* 

“ 

149  9 

60  0 

i .69  ±0.37 

32 

275.2 

72.0 

7.4  ±0.8 

34 

149.8 

70.0 

8.05  ±0.62 

33 

275.3 

75.0 

7.3  +0.9 

34 

149  8 

80.0 

3.55±0.32 

33 

275.2 

79.0 

5.36  ±0.52 

34 

149.8 

90.0 

1 .30  ± 0. 1 5 

33 

274.9 

82.0 

3.77+0.42 

34 

149  8 

100.0 

3.5  ±1.4 

34 

275.3 

85.0 

3.58±0  53 

34 

275.2 

62.0 

3.7  ±1.2 

34 

275.1 

85.0 

2.72+0.43 

34 

275.1 

65.0 

9.1  ±2.3 

34 

275.2 

88.0 

1.83  ±0.30 

34 

275.2 

68.0 

8.8  ±1.3 

34 

275.1 

92.0 

1.17  + 0.32 

34 

275.1 

70.0 

8.6  ±1.4 

34 
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Results  are  presented  of  the  investigation  of  giant  multiple  resonances  in  the  B ( EL ) 

nuclei  wZn  and  124Sn  with  the  aid  of  inelastic  scattering  of  electrons,  performed 
in  Khar’kov  with  the  LUfi-300  linear  electron  accelerator. 
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FIG.  1.  “Zn.  Dependence  of  the  relative  probabilities  of  transitions  with  multipolarities  L = 1-5  on 
the  excitation  energies.  Left  Helm’s  model,  right — high-energy  approximation. 


form  N3S-418 

(REV.  7-14-64) 
USC  OMM-N  BS-DC 


PHOTONUCLEAR  DATA  SHEET  500 


U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUREAU  OF  STANOAROS 


ref.  S.S.  Verbitskii,  A.M.  Lapik,  B.S.  Ratner,  A.N.  Sergievskii 
JETP  Lett.  27,  295  (1978) 


EL  EM.  SYM. 


Zn 


64 


30 


METHOD 


REF.  NO. 

78  Ve  6 


hg 


REACTION 

RESUL  T 

EXCITATION 

ENERGY 

SOURCE 

DETECT  0 R 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,XN 

ABX 

16-26 

C 12-27 

SCI-D 

4PI 

(11.9-26.3) 

The  cross  section  of  the  reaction  i4Zn(y,  n)63 Zn  was  investigated  for  the  high- 
energy  component  of  the  neutron  spectrum  (e,  > 3.7  MeV).  An  analysis  of  the 
results  indicates  that  the  interpretation  of  the  structure  observed  in  the  cross 
section  of  the  MZn(y,  n )43Zn  as  a manifestation  of  isospin  splitting  is  in  error. 


NEUTS  ABOVE  3.7  MEV 


PACS  numbers:  25.20.  y,  24.30.Cz 


FIG.  !.  Curve  1)  Cross  section  of  the  reaction  “Zn(  y.n ) ‘'Zn  for  neutrons  with  energy  f,>3.7  MeV, 
obtained  in  the  present  study.  Curve  II)  Cross  section  of  the  reaction  “Zniy.n)  “Za  from131.  Curve  III) 
Total  cross  section  of  the  reactions  * Zn(y.n>  “Zn  and  “Zn iy.np)  “Cu  from-"1. 
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The  yield  curve  of  the  reaction  “Znfy,  n )“Zn  was  measured  for  neutrons  with  «.  > 3.7  MeV;  the  energy 
spectra  of  the  photoneutrons  were  also  measured  at  various  values  of  the  bremsstrahlung  maximum  energy 
E [t  is  concluded  from  analysis  of  the  obtained  data  and  from  comparison  with  the  results  of  analogous 
studies  made  for  iron  isotopes  that  the  probability  of  decay  of  doorway  states  into  more  complex 
configurations  increases  with  increasing  distance  from  the  region  of  nuclei  with  filled  shells. 

PACS  numbers:  23.20.  + y,  24.30.Cz,  27.50.  + e 


NEUTS  ABOVE  3 MEV 
See  also  78  Ve  6 


S.  rub 


FIG.  2.  Cross  section  of  the  reaction  64Zn(y  ,n)63Zn  for  E„ 
>3.7  MeV  (curve  1).  Comparison  of  the  data  for  the  high- 
energy  neutrons  with  results  obtained  for  neutrons  of  all  en- 
ergies in  Refs.  12  (curve  2)  and  14  (curve  3). 
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FIG.  4.  Energy  spectra  of  the  neutrons  from  the  reaction 
lsO(y  ,n)lsO.  The  arrows  indicate  the  positions  of  the  main 
peaks  in  the  spectrum,  measured  by  the  time-of-flight  pro- 
cedure.15 


FIG.  3.  a)  Energy  spectra  of  neutrons  from  the  reaction 
MZn(y  ,n)S3Zn  obtained  at  different  values  of  ETm.  b)  Differ- 
ence energy  spectra  of  neutrons  from  the  reaction  MZn(y, 
n)°3Zn  obtained  by  subtracting  the  spectrum  at  £ym=13.0  MeV 
from  the  spectrum  at  21.0  MeV  (curve  2)  and  subtracting  the 
spectrum  at  £T„»21.0  MeV  from  the  spectrum  at  23.0  MeV 
(curve  3)  (the  spectra  are  reduced  to  the  same  irradiation 
dose),  compares  with  the  spectrum  at  ■£■,.„=  18.0  MeV  (curve 
1).  The  insert  shows  the  spectra  of  the  bremsstrahlung  that 
produced  the  neutron  spectra. 


FIG.  6.  Cross  section  of  the  reaction  “Znfy  , n)aZa  for  neutron 
emission  with  C„<3.7  MeV,  obtained  by  subtracting  the  cross 
section  for  E„>3.7  MeV  from  the  cross  section  for  the  emis- 
sion Ok  neutrons  of  ail  energies. 
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Abstract.  Lifetimes  of  49  excited  states  below  1.65  MeV  have  been  measured  in  24Mg.  27Al, 
4,Ti.  '*Ni.  !,Co.  4l'42Ni,  43,45Cu.  44“'6*Zn.  75 As.  ,03Rh.  u3l,3In.  U4-‘"',20Sn  and  ,2u23Sb 


by  means  of  nuclear  resonance  fluorescence  experiments.  The  levels  are  excited  by 
bremsstrahlung  x-ray  photons.  The  seif- absorption  technique  applied  to  suitable  cases 
provides  nuclear  absorption  cross  sections,  widths  and  lifetimes  from  which  the  x-ray 
spectral  distributions  are  also  obtained.  Scattering  experiments  are  performed  for  all  other 
cases  in  order  to  obtain  widths  and  lifetimes  from  these  x-ray  photon  curves.  The  Compton 
elTect  in  the  sample  is  taken  into  account.  Self-absorption  provides  gT o from  which  T is 
deduced  using  adopted  J ’ and  Ta.T  values;  scattering  provides  u=g(ro/nH/(6f)  from 
which  T is  also  deduced  with  J.  To/T  and  mixing  ratios  taken  from  the  literature.  Thanks  to 
simultaneous  determination  of  the  x-ray  spectra  all  the  lifetimes  as  given  by  our  programs 


with  their  statistical  errors  form  an  unusually  coherent  set  of  values. 


NUCLEAR  REACTIONS  (y.  /),  bremsstrahlung  excitation;  natural  isotopes;  :4Mg, 
27 Al.  “Ti.  !*Ni.  !,Co.  4l42Ni,  43-4-'Cu.  44-44'4,Zn.  75As.  ;03Rh.  "3115In.  "‘•“,',20Sn 
and  l2l  l23Sb;  0.5-1.65  MeV;  measured  g T0  or  g{rl/TW(d\,  deduced  7*,/j. 
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Tableau  3.  Resultats  des  mesures  des  mveaux  etudies  par  diifusion. 

Table  3.  Results  obtained  using  the  diffusion  method. 

u=gxvlirw(d)  r(ps) 

Isotope  Energie  (keV)  J ' To/T  5 (meV)  ce  travail  rrcf(ps)  References! 

0*  1 E2  1,08(13) 


:,Mg 

1368,59(4) 

21  Al 

1014.45(3) 

4,Ti 

983.512(3) 

:,Ni 

1454,45(15) 

3,Co 

1099,224(25) 

3,Co 

1458,8(3) 

!,Co 

1480.9(3) 

41  Ni 

1185,7(6) 

“Ni 

1172,91(9) 

4JCu 

1327,00(7) 

4JCu 

1412.05(4) 

MZn 

991,54(7) 

43Cu 

1481,83(5) 

“Zn 

1039,37(6) 

“Zn 

1077,38(5) 

75  As 

572,5(10) 

71  As 

823,0(10) 

75  As 

865.5(10) 

75  As 

1076,0(10) 

75  As 

1 128,5(10) 

73  As 

1 349.0  10) 

73  As 

1370.01 10) 

l0)Rh 

803.1(2) 

l0)Rh 

1277.0(2) 

"’In 

1 177(1) 

"3ln 

1 5 ICR  1) 

ll3In 

1077.7(10) 

n3ln 

1240.59(3) 

"3ln 

1448.78(3) 

U3In 

1486.1(1) 

"3ln 

1497.2(4) 

"3ln 

1607.8(15) 

"6Sn 

1293.54(2) 

"8Sn 

1229.64(4) 

l20Sn 

1 171.6(2) 

l2lSb 

1023.5(10) 

,2,Sb 

1 105.5(10) 

l2'Sb 

1 142.51 10) 

l2lSb 

1384.01 10) 

l23Sb 

1029.51  10) 

l23Sb 

1086.51 10) 

2* * 

1*  !'  0.971 

2*  0*  1 

2*  0*  1 

i-  l-  1 

V'  r o.9i 

i"  !"  0.8 

j'  J“  0.77(8)* 
2 * 0*  1 

‘ J'  0.84 

I”  j-  0.72 

2*  0*  1 

l~  1~  0.85 

2*  0‘  1 

2 * 0*  ! 

1*  J"  l“ 

j‘  j-  0,86“ 

5*  ]“  0.83“ 

j‘  0.94“ 

r i-  1 


j-  j-  0.67“ 

J 0.47“ 

j'  0.70 

J*  0.75 

y-  j»  1 

J*  ?*  0,935 

; * ? ‘ 0.8 1 * 

y ’ S*  0.98* 

5’  f*  0.86 

?*  ?'  0.787 

(3-)  3*  <i 

( 1 * ) j * 4 ! 

2*  0*  I 

2*  0'  I 

2*  0*  I 

r 3'  i 

?*  0.4 

2*  3*  0.6 

3*  3-  1 

i-  1 - i 


+ 0.351(12)  0,186(13) 


E2 

0,282(23) 

E2 

2,11(26) 

(E2) 

0,069(8) 

(E2) 

0,68(8) 

<0.35* 

1.23(15) 

|0,I4| 

1,88(49) 

E2 

0,88(17) 

(E2) 

1,04(14) 

+ o.6i}:2i 

0,260(38) 

E2 

0,640(54) 

(E2) 

1,13(19) 

E2 

0.70(6) 

E2 

0.70(6) 

0.39" 

0.236(26) 

(E2) 

0.214(22) 

C 

0.78(6) 

0.38“ 

1,97(13) 

El“ 

0,224(24) 

0.20“ 

1.61(29) 

0.47“ 

0.64(13) 

Ml 

1.85(16) 

-0.62(30)' 

0.81(9) 

* 0.5(2) 

9.1(8) 

-o.s|:li 

6.4(9) 

(E2) 

0.159(24) 

(E2) 

1.31(11) 

— 8* 

0.90(11) 

— 0.8r 

0.63(9) 

(E2) 

1.33(16) 

(E2) 

1.54(24) 

E2 

3.58(37) 

E2 

2.75(28) 

E2 

1.83(16) 

|0.57|* 

3.69(34) 

— 

0.4714) 

(E2) 

0.85(8) 

1,76(21) 

1.98(4) 

2.20(16) 

2,12(8) 

6.74(55) 

6.1(13) 

0,90(11) 

0.92(3) 

4,79(55) 

3,17(58) 

1,17(14) 

1.52(16) 

0,254(31) 

0.31(3) 

0,21(5) 

0,16(3) 

2.15(42) 

2,09(3) 

0.84(11) 

0.88(4) 

1.90(28) 

1,61(3) 

2,97(25) 

2.60(13) 

0,79(13) 

P.49(5) 

2.71(23) 

2.25(15) 

2.71(23) 

2,34(23) 

4,14(46) 

3,5(9) 

4.27(43) 

3.5(3) 

0.863(68) 

0,6(X  12) 

0,287(19) 

0.32(7) 

1,47(16) 

— 

0.180(32) 

0.12(3) 

0.218(44) 

— 

0,174(15) 

0,87(10) 

1.3(9) 

0.086(8) 

0.10(6) 

0.071(10) 

o.  1 1 { : 

1.61(24) 

1,23(7) 

0.66(6) 

0.55(4) 

0.50(6) 

0.52(20) 

0.63(9) 

0.4(3) 

<0.30(4) 

— 

<0.26(4) 

— 

0.53(6) 

0.522(14) 

0.69(7) 

0.67(2) 

1.04(4) 

0.91(2) 

0.228(21) 

0.2CH  7)h 

0.42(4) 

— 

0.449(40) 

0.4  1 ( S ) h 

0.092(  10) 

0.088(14)' 

0.272(25) 

0.26(4)'’ 

0.67(6) 

0.72(15)" 

Endt  et  van  der  Lcun 
(1978) 

Endt  et  van  der  Leun 
(1978) 

Been (1978) 

Kocher  et  Auble 
(1976) 

Kim ( 1976) 

Kim ( 1976) 

Kim  (1976) 

Andreev  el  al  (1974) 
Halbert  (1979a) 

Auble  (1979b) 

Auble  (1979b) 

Halbert  (1979b) 

Auble  (1975a) 

Auble  (1 975b) 

Lewis  (1975) 

Horen  et  Lewis  ( 1975) 
Robinson  et  al  ( 1967) 
Cclliers  et  al  ( 1977) 
Celliers  el  al  (1977) 


Wilson  (1970) 

Harmatz  ( 1979) 

I larmalz  ( 1979) 
Tuttle  et  ul  (1976) 
Tuttle  el  al  ( 1976) 
Tuttle  et  a /( 1976) 
Tuttle  el  at  ( 1976) 
Tuttle  el  all  ! 47hl 
Tuttle  el  al  I 1476) 


Carlson  el  al 1 1975) 
Carlson  el  all  19  76) 
Kocher  ( 1976) 
Tamura  el  al  1 1479) 

Booth  et  al  ( 1973) 
Booth  el  a!  ( 1973) 
Booth  et  all  1973) 
Booth  t’f  al  ( 1473) 


10.45!* 

I0.57|* 


4.7(5) 

2.96(27) 


|/)|  > 1.26*  1.06(9) 


+ References  pour  les  colonnes  3.  4.  5.  6 et  9 de  ehaque  ligne,  sauf  indication  appelee  au  has  de  ce  tableau.  Pour  les  aulres  donnees  se  reporter  au 
texte. 

Remarque  Pour  calculcr  d2  quand  nous  ne  disposons  que  de  3(E2),  pour  un  melange  i E2) (M 1).  nous  deduisons  t.’f:(E2) y fl(E2)£,  : en 
admettant  l('(t))-l  et  connaissam  To/T.  notre  determination  de  u donne  une  premiere  approximation  de  j,To  J'ou  une  valeur  de 
a'  = l^ful E2 ))/(g T j -i<r0(E2))qui  permet  d'ameliorer  et  iff o de  proche  en  proche. 

* Swann  1-197 1 );  b Robinson  el  al  ( 1967);  c U ’(3)  = 0.99  calcule  d'apres  la  formule  de  Celliers  ei  al  ( 197');  “ Abbondanno  et  all  1978):  ' Saver  et  a! 
I 1472):  1 Tuttle  el  at  I 1976);  * d'apres  B(E2)  de  Barnes  el  al  ( 1966):  " calcule  d'apres  Booth  et  a!  ( 1973): ' Williams  et  al  1 1975);  ‘ Dietrich  ei  al 
(1970). 
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ref  W.R.  Dodge,  R.G.  Leicht,  E.  Hayward,  E.  Wolynec 
Phys.  Rev.  C24,  1952  (1981) 


EL  EM.  SYM. 


Zn 


64 


30 


METHOD 


REF.  NO. 


81  Do  2 


hg 


REACTION 

RESULT 

excitation 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  > RAN  GE 

E,P 

ABX 

7-100 

D 16-100 

MAG-D 

DST 

E,A 

ABX 

4-100 

D 16-100 

MAG-D 

DST 

The  (e,p)  and  (e,a)  cross  sections  for  56Fe,  59Co,  and  “Zn  have  been  measured  in  the  VIRT  PHOTON  ANAL 

electron  energy  range  16—100  MeV.  They  have  been  analyzed  using  the  distorted-wav<.  — - 

Bom  approximation  £ 1 and  El  virtual  photon  spectra.  The  E 1 and  El  components  i: 
the  proton  and  a channels  have  been  obtained. 


NUCLEAR  REACTIONS  36F de,p),  56Fe(e,a),  59Co(e,p),  5,Co(e,a), 
“Zn(e,p),  and  “Zn(e,a);  measured  <r(£0,£x,34*),  <7(£0,£,,48*), 
tr(£0,£x,62*),  <7<£0,£x,90*),  ct(£0,£x,U8*),  a(E0.Ex,  132*5;  obtained 
a (e,p),  cr(e,a );  deduced  crf](£),  af'p{E),  a^E),  £). 


I3Y.  -W„  Lui.  P.  Bogucki,  J.  D.  Bronson,  U.  Garg.  C. 
M.  Rozsa,  and  D.  H.  Youngblood,  Phys.  Lett.  93B. 
31  (1980). 

I4S.  Costa,  F.  Ferrero,  S.  Ferroni,  C.  Molino  and  R. 
Malvano,  Phys.  Lett.  il.  324  (1964).  T- 


TABLE  III.  Percentage  of  the  El  sum  when  only  points  up  to  50  MeV  (£o=50  MeV)  and  when  all  measured  points 
(£0=  100  MeV)  are  considered  in  the  analysis.  The  bremsstrahlung  cross  section  used  is  D8M.  El  sum: 

0.22Z:.4-1/3  /zb/ MeV. 


Without  size  effect 

With 

size  effect 

Nucleus 

Reaction 

£0  = 50  MeV 

Eq—  ICO  MeV 

£o  = 50  MeV 

£0=  100  MeV 

S6Fe 

(e,a) 

9±  3 

3 + 1 

11±  3 

7±  l 

(e,p) 

47+30 

8±  1 1 

61  ±32 

37±  15 

n 

o 

( e,a ) 

7±  2 

4 + 1 

8±  2 

5±  1 

( e.p ) 

32  ±22  . 

4±  8 

48  ±24 

28  ±11 

“Zn 

(e,a) 

26+  6 

12±  2 

32±  6 

25  ± 3 

(e,p) 

29+43 

26+ 15 

56±46 

11  ±11 

TABLE  IV. 

Percentage  of  the 

£ 1 and  £2  sums  in  the  a and 

proton  channels. 

E 1 sum: 

60/VZ /A  MeV  mb.  £2  sum:  Q.llZ'-A  ~ui  /zb/MeV. 

Integrals  to  100  MeV. 

£1 

£ 

2 

Nucleus 

Reaction 

SchitT 

DMB 

SchitT  \ 

DBM 

( e,a ) 

5±  1 

6±  1 

10±  1 

7±  I 

5«Fe 

(e,p) 

67  + 20 

82  ± 1 9 

82±  14 

37±  15 

( e,a)  + (e,p ) 

72  ±20 

88±  19 

92±  14 

44±  15 

( e,a ) 

5±  1 

7±  1 

8±  1 

5+  1 

5,Co 

(e,p) 

52±  10 

67±  12 

63±  10 

23+  i 1 

( e,a)  + ie,p ) 

57±  10 

74±  12 

71  ± 10 

33±  1 1 

( e.a ) 

16±  4 

18±  4 

33±  3 

25 -r  3 

“Zn 

[e.p  i 

1 29  ±28 

154-30 

137  + 30 

77-21 

(e,a)+-(e,p) 

145  ±28 

1 72  i 30 

170 ±20 

102  ±21 
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TABLE  VI.  £1  strength  integrated  up  to  30  MeV. 


Nucleus 

a 

ri0 

J <rrx(E)dE  (MeV  mb) 
P n 

Total 

Fraction 
of  £ 1 sur 

36Fe 

1 8 ± 3 

256±26 

735‘ 

1009 

1.21 

39Co 

15+  2 

211+22 

884b 

1110 

1.26 

“Zn 

66+14 

545 ±75 

6 1 6b 

1227 

1.28 

‘Reference  13. 
bReference  14. 


FIG.  3.  The  measured  o>p(£0)  for  36Fe  as  a function 
of  total  incident  electron  energy  E0  (open  circles).  The 
full  circles  represent  the  yield  YrplE0)  obtained  when  a 
0.217  g/cm"  tantalum  foil  was  placed  in  the  electron 
beam  ahead  of  the  target.  The  smooth  curves  are  the 
best  tits  to  the  data  and  were  obtained  by  combining  the 
histograms  representing  the  £1  and  £2  iy.p)  cross  sec- 
tions (right-hand  scale)  in  Eqs.  (1)  and  (2)  with  the  £1 
and  £2  DWBA  virtual  photon  spectra  and  by  making 
use  of  the  DBM  bremsstrahlung  cross  section.  The  size 
effect  correction  described  in  the  teat  has  been  applied  to 
the  virtual  photon  spectra. 


FIG  Q.  The  ratios  of  the  number  of  protons  observed 
in  the  indicated  energy  bite  A T?  at  62*  to  the  same 
number  observed  at  1 18”,  t7(62°)/cri  1 18*),  as  a function 
of  incident  electron  energy. 


served  in  the  indicated  energy  bite  A Ta  at  62’  to  the 
same  number  observed  at  118",  cr(62*)/cn  118*),  as  a 
function  of  incident  electron  energy. 
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A=66 


M.D.  DeSouza  Santos,  J.  Goldemberg,  R.R.  Pieroni,  E.  Silva, 

O.A.  Borello,  S.S.  Villaca,  J.L.  Lopes 
Int.  Conf.  Peaceful  Uses  of  Atomic  Energy  II  (UN,  NY)  I69  (1955) 


CL  H.M-  A 


Zn 


66 


METHOD 


Betatron;  neutron,  proton  yield;  radioactivity;  r-chamber 


REF.  NO. 

55  De  1 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,  NP 

ABX 

19-23 

C 19-23 

ACT- 1 

k PI 

a(Y,n)/c(Y,np)  = 1.6  at  21  MeV 
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S.S.  Villaca,  J.  Goidemberg 

An.  Acad.  Brasil.  Cienc.  27/  ^27  (1955! 


EL  EM.  3YM. 


Zn 


50 


METHOD 


Betatron;  ion  chamber  monitor 


REF.  NO. 

55  Vi  l 


NVB 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G,D 

ABX 

20-22 

C 20-22 

ACT- 1 

INCLUDES  G,NP 


Fig.  12 
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U.S.  DEPARTMENT  OF  COMMERCE 
NATIONAL  BUR  EA  U OF  3TANOARD3 


REF. 


A.  El  Sioufi,  P.  Erdos  and  P.  Stoll 
Helv.  Phys.  Acta  30,  265  (1957) 


METHOD 


ELEM.  STM.  A 


Zn 


66 


57  El  1 


30 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G ,NP 

ABX 

22-  30 

G 18-  32 

. ACT- 1 

4 PI 

i,"tx.piCu"  a • icci  m«» 
-.17  me  bn  22  « 0.5  MsV 


Fig.  1. 

WirkungsquerschnittsTerlauf  der  Reaktionen  Zn,c(y,np)Cu6,‘  und  Zr.4'.-,  ,pi_uCl. 


Tabcllc  1. 

Zusammenstclhinc  dcr  cem.  W.  Q. 


Rcnklion 

Q-Wert 

Mc.V 

McV  bam 

i 

Vcrhiiltnis  dcr  Qiscreciinittc  , 

i 

Zn8«(v,  np)Cu'u*) 

13,65 

0,02 

***“<**'  -3.6  0.5  • 

Zn *«(•/.  p)Cu,T**)6) 

10.01 

0,08 

*7  Zn **(y,  np) 

Zn**(y,  2n)Zn“ 

20,82 

0,08 

fto- 

MoM(y,  np)Nb*° 

19,5 

0,02 

® Zn54  (-/,  2 n) 

Mo«(y,  p)Nb*7 

0.09 

= 4,j 

& np) 

*)  <7max  • 5.3  mb  bci  E-,  = 27  ^ 0,5  McV  F = 3,7  McV. 
“*)  ffmm:  11.5  mb  bci  Ey  — 22  ~ 0,5  McV  F — 6,4  McV. 
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A.  Hofmann,  P.  Stoll 

Helv.  Phys.  Acta  31,  591  (1958) 


method 


ELEM.  SYM. 


Zn 


66 


REF.  NO. 

58  Ho  1 


30 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

type  ran  ge 

type  r an  g e 

G,NP 

ABX 

21-  32 

G 21-  32 

ACT -I 

4 PI 

(y,np)  yields  include 


r 

Me  V 


2.1 

4 

6 


Tnbcllo  I 


Jlcaktion 

Q. Wert  1 
MeV 

l.W.Q.  ff 
MoV  barn 

^max 

mb 

F 

■r'rrmx 

MeV 

Ca’°(y,  fin)  K*» 

-24,3 

0.U05 

2,4 

30  ± 1 

Zn *'(y,  pn)  Cu'* 

- 18,36 

0,03 

Zn4*(y,  fin)  Cu*4 

- 18,65 

0,031 

7,2 

28  ± 1 

Zn4*(y,  fi)  Cu47 

-10,01 

0,19 

11,4 

22,7  ± 1 

Sc*°(y,  fin)  As7* 

- 20,43 

0,02 

Zn*4(y,  2 k)  Zn8J 

-20,82 

0.08 

Mo”(y,  fin)  Nb"° 

-19,5 

0,02 

I Sb‘“(y. />»)SnIJl 

-18,2 

0,0006 

r.emcsscne  Anregunpskurvcn  folpcndcr  Wen  Mi' men  < a4"(y,  />>i>  K’8.  Zn'1,!y,  pn)  Cu44. 
Die  Anregungskurve  dcr  Zn8*(y,  nn)  Zn*4-U<Mktion  wnrclc  m it  Hilfc  dcr  statis- 
tischcn  Thcorie  ln-reclinm. 

Der  Anted  (let  (y,  (fl-Rcaktion  ist  in  den  cnt.ipic.clinulen  (y.  /m)-Anregungskurvcn 

rnthallen. 
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REF. 


R*  B.  Begzhanov  and  A.  A.  Islamov 
J.  Nucl.  Phys.  (USSR)  jj,  483  (1967) 
Sov.  J.  Nucl.  Phys.  5 , 339  (1967) 


EL  EM.  SYM.  A j Z 


Zn 


66 


30 


METHOD 


REF.  NO. 


67  Be  5 


HMG 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 
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rig.  10.  Partial  decay  scheme  for  the  7368  keV  IcvaI  tv.. 

keV  Zn.  The  transitions  are  labelled  by  energy  in 

keV.  The  relative  intensities  are  given  in  parentheses. 
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Fig.  6.  Angular  distribution  of  the  inelastically  scattered  5495  keV  gamma  ray.  The  solid  line  is 
obtained  by  a least-squares  fit  to  the  experimental  points.  The  dashed  lines  indicate  the  theoretical 
lines  for  00)1(1)0,  0(1)10)1  and  00)1(1)2  sequences. 
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obtained  by  a least-squares  fit  to  the  experimental  points.  The  dashed  line  indicates  the  theoretical  line 

for  a 0(1)  1(1)0  sequence. 


517 


N. 

J. 


METHOD 


Shikazono  and  Y.  Kawarasaki 
Phys.  Soc.  Japan  27  , 273  (1-969) 


Zn 


OO 


REF.  NO. 


30 


69  Sh  l 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G.G 

LFT 

7 

D 7 

SCD-D  7 

135 

r = 0.22t0.02  eV 
o 

Separation  from  source 


line  8.5± 


0.7 

0.5 


eV. 


7=7.368  MEV 


• iT“  7u 

gA=n*  Zn 

Fig.  3.  Self-absorption  ratio  versus  zinc  absorber 
thickness.  The  solid  line  indicates  the  least-squares 
fit.  corresponding  the  value  of  the  effective  absorp- 
or  _ross  section  to  be  1.78±0.02  barns. 


,x>  5 Too  200  100 " 


Fig.  4.  Relative  intensity  of  the  scattered  photons 
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where  62h  is  the  Debye  temperature  of  zinc.  « the 
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Table  II.  Parameters  of  the  charge  distribution  in 
Zn  Isotopes  for  the  Fermi  model  and  the  Gaussian 
uniform  model 
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FIG.  1.  Spectra  of  electrons  scattered  by  (a)  Zn44  and  (b)  Zn**  at 
75*  (E«  - 150  MeV).  Ordinates  are  given  in  arbitrary  units. 
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Table  1 


Properties  of  the  Zn  levels  observed  in  the  bremsstrahlung  experiments 
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*)  Based  on  ref.  *),  see  text. 
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')  Assumed  in  the  absence  of  evidence  for  branching. 
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Table  1.  Reduced  partial  radiation  widths  of  resonance  levels  in  6<Zn,  144Sm  and  120Sn 
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Table  6 


Reduced  transition  probabilities  in  single  panicle  units,  deformation  parameters  and  deformation 
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1.08-0.09 
1.09  — 0.1 1 
1.01=0.11 

States:  1.039(2+),  2.83(3-)  MeV. 
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ELEM.  SYM.  A 


Zn 


77  Ne  3 


30 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

type  range 

E,E/ 

FMF 

1-3 

D 100-275 

MAG-D 

DST 

Abstract:  The  inelastic  electron  scattering  cross  sections  for  the  quadrupole  transitions  to  the  2*  and  27 
states  in  the  even  Zn  isotopes  6,*Zn.  66Zn  and  08Zn  and  for  the  hexadecapole  transition  to  the  4* 
state  in  6*Zn  have  been  measured  in  a momentum  transfer  range  up  to  q = 2.2  fm" l.  In  the  frame- 
work of  the  vibrational  model  these  states  are  considered  as  one-  and  two-quadrupole-phonon  states. 
The  measurements  are  characterized  by  high  statistical  accuracy  and  by  an  overall  resolution  of 
SE  E0  = 10" 3 which  permitted  separation  of  almost  alt  members  of  the  two-phonon  triplet.  The 
measured  cross  sections  are  analyzed  with  phenomenological  models  as  well  as  with  a Fourier- 
Bessel  expansion  of  the  transition  charge  density.  The  latter  analysis  yields  realistic  error  bands  for 
the  transition  charge  densities  and  model-independent  values  for  the  reduced  transition  probabilities 
and  transition  radii. 


NUCLEAR  REACTIONS  w- 66  6*Zn(e,  e'),  £ = 100-275  MeV;  measured  da/dQtE,  0). 
E **■  *"’■  68Zn  levels  deduced  transition  charge  density,  fit(E7.)and  transition  charge  radii  Rxr. 

Enriched  targets. 


P.  , Cross  sections  divided  by  the  Mott  cross  section  for  the  allowed  transitions  to  the  2*  state  in 
f*fn  ,Vn  and  -szn  versus  the  effective  momentum  transfer.  The  measured  cross  sections  are 
Zn’  Zn  cnerov  E = 275  MeV  The  curves  represent  best  fit  DWBA  cal- 

transformed  to  a commo  expansion  of  the  transtion  charge  density  (solid  line),  the  modified 

culations  w.th  and  the  Gausslan  mode.  (dashed-dotted  line). 
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Table  5 


(Page  2 of  3) 


Reduced  transition  probabilities  £.(E2)  and  transition  radii  R„  for  the  2,*  states  in  “Zn,  “Zn  and  6SZn 


“Zn 

e = 0.992  MeV 

“Zn 

£ = 1.039  MeV 

“Zn 

e = 1.077  MeV 

£,(E2)  (fm1) 
(e,  e')  *) 

1620  ± 90 

1410  ± 80 

1320  + 70 

CE  “) 

1700  ±150 

1450  ±130 

1250  +110 

R„  (fm) 

5.44+  0.09 

5.39  ± 0.09 

5.47+  0.09 

1.38+  0.03 

1.37  ± 0.03 

1 .38  ± 0.03 

*)  Model  independent  analysis,  this  work. 
b)  Ref.  “). 


Table  8 


Reduced  transition 

probabilities 
states  in  “Zn.  60 

) and  transition  radii  Rlr  for  the  forbidden  transition  to  the  27 
Zn  and  °“Zn  and  to  the  4,’  state  in  “Zn 

“Zn 

£ = T.800  MeV 
A = 2 

“Zn 

£ = 1.873  MeV 
/.  = 2 

“Zn 

£ = 1 .883  MeV 
;.  = 2 

“Zn 

£ = 2.305  MeV 
/.  = 4 

£•( E7.)  (fm:i) 
R,,  (fm) 

R„  R„ 

R;&)/Rt(  2,*) 

17.0  ±1.2 
4.6  ±0.1 
1 . 1 7 ± 0.03 
0.71  ±0.03 

4.5  +0.7 
4.5  ±0.1 
1 . 1 4 ± 0.03 
0.69  ±0.04 

46  ±7 

5.9  ±0.1 
r.49±0.03 
1 . 1 7 ± 0.06 

(3.4  ± 1.0)  x 10A 
6.7  ±0.3 
1. 70  ±0.08 

Fig.  8 Same  as  fig.  3.  but  for  the  forbidden  transitions  to  the  2,*  states  in  “Zn  ®*Zn  and  “Zn 
respectively.  The  curves  represent  best-fit  DWBA  calculations  with  the  Four,er-B«sel  expansion  of 
the  transition  charge  density  (solid  line)  and  the  phenomenological  model  given  in  eg  t’2)  (dashed  line) 
for  comparison,  the  shape  ol  the  cross  section  for  the  allowed  transition  to  the  2,*  state  m “Zn  is  shown 
. (uppermost  curve). 
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Zn 
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30 


method 


REF.  NO. 

77  Ne  3 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

1 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

Compilation  of  the  measured  inelastic  cross  sections.  The  cross  sections  are  multiplied  by  10*,  where  the 
power  .x  is  given  in  cols.  4 and  8.  respectively 


£0 

(MeV) 

t) 

(deg) 

10*(d(f,dQ) 

(cm2/sr) 

X 

Eo  . 
' (MeV) 

0 

(deg) 

lOVa/dfi) 

(cmJ/sr) 

.T 

‘6Zn;  t = 

1.039  MeV  2,* 

100.1 

60.0 

1.32  + 0.16 

29 

275.1 

42.0 

1.47+0.05 

30 

100.1 

65.0 

1.02+0.11 

29 

275.1 

47.0 

2.41+0.07 

31 

100.1 

70.0 

6.26  ±0.56 

30 

275.2 

47.0 

2.58  + 0.09 

31 

100.1 

75.0 

4.90+0.36 

30 

275.1 

50.0 

7.81+0.21 

32 

100.1 

80.0 

3.83^0.22 

30 

275.1 

52.5 

5.35  + 0.18 

32 

100.1 

85.0 

2.70  + 0.14 

30 

275.3 

55.0 

7.19  + 0.31 

32 

100.1 

90.0 

1.85  ±0.08 

30 

275.1 

58.0 

7.63+0.20 

32 

100.0 

95.0 

1.22  ±0.05 

30 

275.1 

60.0 

7.70+0.20 

32 

100.0 

100.0 

8.75  ±0.29 

31 

275.1 

62.0 

6.76 -‘•0.1 7 

32 

100.0 

105  0 

6.18  ±0.1 9 

31 

275.2 

65.0 

5.13+0.17 

32 

100.0 

110.0 

4. 1 7 ± 0. 1 3 

31 

275.1 

65.0 

5.29  + 0.13 

32 

150.1 

60.0 

5.50  ±0.16 

30 

275.1 

66.0 

4.54+0.14 

32 

149.9 

60.0 

4.84  ±0.1 2 

30 

275.1 

68.0 

3.50+0. 08 

32 

150.1 

66.0 

2.68  ±0.08 

30 

275.1 

70.0 

2.54  + 0.07 

32 

149.9 

70.0 

1 .63  ±0.04 

30 

275.1 

70.0 

2.43  + 0.08 

32 

149.8 

70.0 

1. 49  ±0.04 

30 

275.1 

72.0 

1.66  + 0.05 

32 

150.2 

72.5 

1.06  ±0.03 

30 

275.1 

74.0 

1.04  + 0.04 

32 

150.0 

72.5 

1.04  ±0.03 

30 

275.3 

75.0 

7.88+0.30 

33 

150.1 

78.0 

4.35  ±0.1 1 

31 

275.1 

79.0 

1.97+0.07 

33 

149.8 

80.0 

3.18  ±0.08 

31 

275.1 

82.0 

7.11+0.38 

34 

150.1 

85.0 

1.30  ±0.03 

31 

275.1 

85.0 

2.52+0.33 

34 

150.0 

85.0 

1.31  ±0.04 

31 

275.1 

88.0 

3.27+0.29 

34 

150.1 

92.5 

2.74  ±0.08 

32 

275.1 

92.0 

6.20+0.31 

34 

150.2 

92.5 

2.56±0.10 

32 

275.1 

98.0 

8.55+0.63 

34 

150.1 

100.0 

8.83  ±0.35 

33 

44Zn ; e = 

1.873  MeV  22* 

150.1 

60.0 

2.2  ±0.6 

32 

275.1 

65.0 

1.0  ±0.2 

33 

150.1 

66.0 

1.0  ±0.4 

32 

275.1 

68.0 

1.75+0.12 

33 

149.9 

700 

1.15  ±0.16 

32 

275.1 

70.0 

2.03+0.14 

33 

149.3 

70.0 

1 .03  ± 0. 1 9 

32 

275.1 

72.0 

1.66  + 0.10 

33 

150.2 

72.5 

7.9  ±1.3 

33 

275.3 

75.0 

1.38  + 0.10 

33 

150.1 

78.0 

5.72  ±0.5 1 

33 

275.1 

79.0 

7.30+0.43 

34 

149.3 

80.0 

4.39  ±0.35 

33 

275.1 

82.0 

5.74±0.36 

34 

150.1 

85.0 

2.38±0.35 

33 

275.1 

85.0 

4.32+0.37 

34 

275.1 

62.0 

7.4  ±3.7 

34 

275.1 

88.0 

2.93+0.33 

34 

275.: 

65.0 

2.1  ±0.7 

33 

275.1 

92.0 

1 60±0.27 

34 

form  N3S-418 

REV.  7-14-64) 
JSC  OMM-N  BS-OC 


PHOTONUCLEAR  DATA  SHEET  527 


U.S.  DEPARTMENT  OF  COMMERCE 
national  bureau  of  stanoaros 


REF-  Y.  Cauchois,  H.  Ben  Abdelaziz,  R.  Kherouf,  C.  Schloesing-Mo.ller 
J.  Phys.  G7,  1539  (1981) 


EL  CM.  SYM. 


Zn 


66 


30 


METHOO 


REF.  NO. 

81  Ca  2 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RAN  GE 

TYPE  RANGE 

G,G 

LFT 
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C 0-2 
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Abstract.  Lifetimes  of  49  excited  states  below  1.65  MeV  have  been  measured  in  :‘,Ma  :7Ai 
Ti.  ’ Ni.  s,Co.  4l'4JNi.  4J'4:Cu.  M6‘-6,Zn.  ”As.  ,0,Rh.  I,J-"V  "‘•‘"•;:0Sn  and  ,J‘-,uSb 
bv  means  of  nuclear  resonance  fluorescence  experiments.  The  levels  are  excited  by 
bremsstrahlung  x-ray  photons.  The  self-absorption  technique  applied  to  suitable  cases 
provides  nuclear  absorption  cross  sections,  widths  and  lifetimes  from  which  the  x-ray 
spectral  distributions  are  also  obtained.  Scattering  experiments  are  performed  for  all  other 
cases  in  order  to  obtain  widths  and  lifetimes  from  these  x-ray  photon  curves.  The  Compton 
effect  in  the  sample  is  taken  into  account.  Self-absorption  provides  gVo  from  which  T is 
deduced  using  adopted  J'  and  r3/T  values;  scattering  provides  u = g(?lir)\'/[0)  from 
which  T is  also  deduced  with  J,  r0/T  and  mixing  ratios  taken  from  the  literature.  Thanks  to 
simultaneous  determination  of  the  x-ray  spectra  all  the  lifetimes  as  given  by  our  programs 
with  their  statistical  errors  form  an  unusually  coherent  set  of  values. 

27LC^EA^»REACTIONS  ^ breffl”trahlung  excitation;  natural  isotopes;  :4Mg  | 

27AI.  Ti.  3,Ni.  s,Co.  4l4JNi.  6J,4!Cu.  M 46-4SZn,  'JAs.  IOJRh,  M]-"5ln  "6-“S-‘-'°Sn  I 
and  '-'  '-’Sb;  £-0.5-1.65  MeV;  measured  g['0  or  deduced  r„:. 


1.040  MeV 
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Tableau  3.  Resultats  des  mesures  des  mveaux  etudies  par  diffusion. 
Table  3.  Results  obtained  using  the  diffusion  method. 


u=g{ri/rmO)  r (psl 


Isotope 

Energie  (keV) 

J* 

J! 

r0/r 

5 

(meV) 

ce  travail 

r,cr(ps) 

References  + 

24Mg 

1368.59(4) 

1 * 

0* 

1 

E2 

1.08(13) 

1,76(21) 

1,98(4) 

Endt  et  van  der  Leun 

:,AI 

(1978) 

1014.45(3) 

i * 

3* 

0,971 

+ 0.351(12) 

0,186(13) 

2,20(16) 

2,12(8) 

Endt  et  van  der  Leun 

“Ti 

(1978) 

983.512(3) 

♦ 

0' 

1 

E2 

0.282(23) 

6.74(55) 

6.1(13) 

Been ( 1978) 

:,Ni 

1454,45(15) 

2” 

0* 

1 

E2  ’ 

2.11(26) 

0,9(X  1 1 ) 

0.92(3) 

Kochcr  et  Auble 

!,Co 

i- 

3- 

(1976) 

1099,224(25) 

1 

(E2) 

0.069(8) 

4,79(55) 

3.17(58) 

Kim  ( 1976) 

!,Co 

1458,8(3) 

V* 

r 

0,91 

(E2) 

0,68(8) 

1,17(14) 

1.52(16) 

Kim  (1976) 

5,Co 

1480.9(3) 

1- 

3“ 

0.8 

<0.35* 

1,23(15) 

0.254(31) 

0.31(3) 

Kim  (1976) 

61  Ni 

1 185,7(6) 

J- 

3" 

0.77(8)* 

|0.14| 

1,88(49) 

0,21(5) 

0.16(3) 

Andreev  et  al  ( 1974) 

s2Ni 

1 172,91(9) 

2* 

0" 

1 

E2 

0,88(17) 

2,15(42) 

2.09(3) 

Halbert  ( 1979a) 

"3Cu 

1327.00(7) 

Y 

3- 

0.34 

(E2) 

1,04(14) 

0.84(11) 

0,88(4) 

Auble  (1979b) 

63Cu 

1412.05(4) 

r 

1- 

0.72 

+ o.6i{:2i 

0,260(38) 

1,90(28) 

1.61(3) 

Auble  (1979b) 

MZn 

991,54(7) 

2* 

0* 

1 

E2 

0,640(54) 

2,97(25) 

2,60(13) 

Halbert  (1979b) 

63Cu 

1481,33(5) 

2 

J- 

0,85 

(E2) 

1,13(19) 

0,79(13) 

0,49(5) 

Auble  (1975a) 

“Zn 

1039,37(6) 

2* 

0* 

1 

E2 

0,70(6) 

2,71(23) 

2.25(15) 

Auble  ( 1975b) 

MZn 

1077,38(5) 

2* 

0' 

1 

E2 

0,70(6) 

2,71(23) 

2,34(23) 

Lewis  (1975) 

13  As 

572,5(10) 

3- 

3- 

ld 

0,39b 

0,236(26) 

4,14(46) 

3,5(9) 

Horen  et  Lewis  ( 1975) 

13  As 

823,0(10) 

3- 

0,86d 

(E2) 

0.214(22) 

4,27(43) 

3.5(3) 

Robinson  el  al  (1967) 

13  As 

865,5(10) 

3- 

0,83d 

C 

0,78(6) 

0,863(68) 

0,60(12) 

Celliers  ei  al (1977) 

73  As 

1076,0(10) 

r 

]- 

0,94  d 

0.38d 

1,97(13) 

0,287(19) 

0,32(7) 

Celliers  ei  al  (1977) 

75  As 

1128,5(10) 

3- 

1 

Eld 

0,224(24) 

1,47(16) 

— 

7!As 

1349.0(10) 

3- 

3- 

0.67* 

0.20d 

1.61(29) 

0,180(32) 

0.12(3) 

Wilson  ( 1970) 

75  As 

1 3 70.0  10) 

j- 

3- 

0.4  7 d 

0.47d 

0.64(13) 

0,218(44) 

— 

103  Rh 

803,1(2) 

1” 

3- 

0.70 

Ml 

1.85(16) 

0,174(15) 

— 

Harmatz  ( 1979) 

lu3Rh 

1277.0(2) 

3- 

3- 

0.75 

-0.62(30)' 

0.81(9) 

0.87(10) 

1.3(9) 

Harmalzl  1979) 

,13ln 

1177(1) 

¥* 

3* 

1 

+ 0.5(2) 

9.1(8) 

0.086(8) 

0.10(6) 

Tuttle  el  al  ( 1976) 

u3ln 

1510(1) 

7 * 

3* 

0.935 

n < 3 * n 

-0.5(_2) 

6.4(9) 

0,071(10) 

o.n,::! 

Tuttle  et  al  ( 1976) 

"5ln 

1077.7(10) 

|‘ 

f* 

0.81' 

(E2) 

0.159(24) 

1.61(24) 

1.23(7) 

Tuttle  el  al  ( 1970) 

n!ln 

1240.59(3) 

u* 

3* 

0.98' 

(E2) 

1.31(11) 

0.66(6) 

0.55(4) 

Tuttle  el  alt  1976) 

llJIn 

1448.78(3) 

v 

!* 

0.86 

— 8r 

0,9(\  1 1 ) 

0.50(6) 

0.52(20) 

Tuttle  el  all  1976) 

"sln 

1486.1(1) 

3* 

?• 

0,787 

- 0.8f 

O.n  3(9) 

0.63(9) 

0.4(3) 

Tuttle  el  al  ( 1976) 

1 l3ln 

1447.2(4) 

(X  ■ ) 

r 

< 1 

(E2) 

1.331  16) 

<0.30(4) 

— 

"’In 

1607,8(15) 

(!) 

!■ 

£ ! 

(1:2) 

1.54(24) 

S3  0.26(4) 

— 

Carlson  el  al  ( 19” 5) 

"*Sn 

1293.54(2) 

2 r 

0* 

j 

E2 

3.58(37) 

0.53(6) 

0.5221 14) 

M,Sn 

1229.64(4) 

2 ’ 

0* 

1 

E2 

2,75(28) 

0.69(7) 

0.67(2) 

C arlson  el  al  ( I9T6) 

l20sn 

1 171.6(2) 

2 * 

0* 

1 

E2 

1.83(161 

1.04(9) 

0.9  1(2) 

Kochcr  ( 1976) 

l2lSb 

1023.51 10) 

2 * 

* * 

1 

,0.57|* 

3.69(34) 

0.228(21) 

0.20(7)" 

Tamura  el  al  ( 1979) 

12lSb 

1105.5(10) 

3’ 

;* 

0.4 

— 

0.47(4) 

0.42(4) 

— 

Booth  el  al  ( 1973) 

l2lSb 

1 142.5(  10) 

3* 

0.6 

(E2) 

0.85(8) 

0.449(40) 

0.41(8)" 

i2lSb 

1 384.(8  10) 

j* 

1 

10.45(* 

4.7(5) 

0.0921  10) 

0.088(14)" 

Booth  et  alt  1973) 

,23Sb 

1029.51 10) 

9 . 

1 

0.571* 

2.96(27) 

0.272(25) 

0.26(4)" 

Booth  el  all  19"'3) 

12JSb 

1086. 5(  10) 

i* 

r 

1 

:r)l  > 1.26* 

1.06(9) 

0.67(6) 

0.721 ! 5)" 

Sooth  et  al  ( 1977) 

+ References  pour  les  colonnes  3.  4,  5.  6 et  9 de  chaaue  ligne,  sauf  indication  appelee  au  bas  de  ce  tableau.  Pour  'es  autres  donnees  se  reporter  au 

Remarque  Pour  calculcr  r>:  quand  nous  ne  disoosons  que  de  B(E2).  pour  un  melange  (E2)  + (MO.  nous  dcduisons  ?ro(E2)cr  S(E2)£,  . en 
admettant  IH0)=  1 et  connaissam  IVT.  notre  determination  de  u donne  une  premiere  approximation  ue  gte  d-ou  une  valour  de 
=(^r0(E2))/(^r0  -&'r0(E2))qui  permet  d’ameliorer  W{Q\  et  de  proche  en  proche. 

1 Swann  '1971):  0 Robinson  el  all  1967); c H'(i9)  = 0.99  ealeule  d'apres  la  formule  de  Celliers  ei  al  ( 1977);  J Abbondanno  et  all  19  /8>;  Saver  el  a I 
( |472);  ’ Tuttle  et  at  1. 1976);  * d’apres  31 E2)  de  Barnes  ei  at  t!966);  " ealeule  d'apres  Booth  et  cl  1 1973);  Williams  ei  al  11975);  ‘ Dietrich  el  al 
(1970). 
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Fig.  2.  Cross  section  of  the  reaction  ZnaT(7p)Cuse  vs.  Ey. 

• — cross  section  calculated  with  1 MeV  interval,  A — with 
’ 2 MeV  interval,  ihe  dashed  curves  are  drawn  under  the  assump- 
tion that  the  form  of  the  cross  section  for  proton  emission 
from  the  1?t/2  shell  (position  of  the  maximum  and  naif-width) 
is  the  same  as  in  the  case  of  the  reaction  Ni^yp)  [6], 
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Tabclle  1. 

Zusammenstellnng  dcr  gem.  W.  Q. 


Rcnktion 

Q-Wcrt 

Mcy 

McV  bnm 

1 

1 

Vcrlialtnis  dcr  Qucrechnittc  | 

Zn**(y,  np)Cu*4*) 
Zn«(y,  p)Cu,r**)‘) 
Zn*4(y,  2n)Zn** 
Mo»*(y,  np)Nb,a 
Moa*(y,  p)Nb” 

18,65 

10,01 

20,82 

19,5 

0,02 

0,08 

0,08 

0,02 

0,09 

-7Zn«8(y,p)  _ 36^05 
crZn‘s(y,  np) 

<TZnM(*/.np)  _0>25  j 

a7.n**(y,2n) 

p)  ^ . 

a Mo*:(y,  np) 

•)  o-m»x:  5.3  mb  bci  Ev  = 27  ± 0,5  McV  T = 3,7  McV. 
«*)  Tm«x:  11.5  mb  bei  Ey  = 22  ± 0,5  McV  T = 6,4  MeV. 

U7  ms  !>«  22  * a*  MeV 


Fig.  1. 

Wirkungsquerschnjttsverlauf  der  Reaktionen  Zn“{y.np)Cu*4  und  Zn‘8(v.piCu'". 
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Tabellc  I 
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0-Wcrt 

McV 
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McV  barn 

mb 

McV 

r 

McV 

Ca'°(y,  pn)  K3' 

-24.3 

0,005 

2.4 

30  ± 1 

2.1 

Zn,A(y,  pn ) Cn** 

- 18.36 

0.03 

ZnM(y,  pn)  Cuw 

- 18.65 

0.031 

7.2 

28  ± 1 

4 

Zn'«(y,  p)  Cu « 

-10.01 

0,19 

11.4 

22.7  -l  1 
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Se,n(y.  pi ■)  As’* 

-20.43 

0,02 

2>i)  Zn»« 

- 20.82 
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Table  1 

Properties  ot'the  Zn  levels  observed  in  the  brcmsstrahlung  experiments 


Energy 

tkeV) 

Isotope 

Spin 

Parity 

rjr 

r0  (meV ) 

r0*  »-  (meV) 

(0.70)  *) 

42 

-7 

(9.9  ' 10“ 

(El) 

3346 

(68) 

l 

(0.061 

(Ml) 

3366 

64 

1 *) 

* *) 

0.54*) 

8.2 

-1.3 

0.012 

3381 

66 

1 

(*)*) 

0.69  •) 

16 

4 \ 

0.022 

3423 

64 

1 *) 

* “> 

0.72') 

6.9 

xl-6 

0.009 

3433 

(66) 

(I)*'*) 

C)  *) 

0.51  *) 

8 

-3 

!.'  10“ 

3704 

64 

1 

C) 

(1.0)  ') 

18 

-3 

3.2  10  “ 

8.5 

1 1.5  ■.  10“ 

(El ) 

3717 

(68) 

U) 

(1.0)  ’) 

±2-2 

10  009 

(Ml) 

3739 

66 

1 

O 

(1.0)  ’) 

24 

— 3 

4.1  - 10“ 

4159 

64 

1 

(-) 

(0.54) «) 

32 

-9 

4.0  . 10“ 

4295 

66 

1 *) 

(*)*) 

0.60') 

67 

-20 

0.046 

38 

— 10 

1 4.2  - 10“ 

(El) 

4339 

(68) 

(1) 

(1.0)  ') 

(0.025 

(Ml) 

4426 

66 

l 

(-) 

(1.0)  ') 

65 

— 10 

6.8  x 10“ 

4455 

64 

1 ’) 

-*> 

(1.0)'*) 

51 

— 9 

0.031 

4462 

66 

1 *) 

0.29  •) 

28 

= 21 

0.017 

— 19 

1 6.5  x 10”* 

(El) 

4466 

(68) 

1 

(1.0)  ') 

65 

(0.040 

(Ml) 

38 

1 3.6  x 10'  * 

(Eli 

4503 

(68) 

0) 

(10)  ') 

= 13 

(0.023 

(MW 

54 

1 5.0  x 10“ 

(Eli 

4609 

(66) 

0) 

(1.0)  ') 

= 15 

10.030 

(Ml) 

(1.0)  ') 

11 

jl.Ox  10“ 

(El) 

4664 

(64) 

0) 

=4 

(0.006 

(Ml> 

(1.0)  ') 

64 

= 16 

,5.6x10“ 

(El) 

4635 

(66) 

0) 

(0.034 

(Ml) 

4806 

(66) 

1 *) 

- *) 

0.31  •) 

100 

=25 

0.049 

*)  Based  on  ref.  *),  see  text. 

*)  Ref. 

')  Ref.  *3). 

*)  Ref.  3). 

•)  Ref.  19). 

')  Assumed  in  the  absence  of  evidence  for  branching. 

•)  Assuming  that  the  branch  to  the  state,  seen  in  the  bremsstrahlung  experiment,  is  the  only 
branch  to  an  excited  state. 

*)  Refs.  “-13)  contradict  each  other  with  respect  to  this  branching. 

')  Ref.  I0)  favors  a (-)  assignment.  See  text. 
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Total  photoneutron  cross  sections  have  been  obtained  for  MZn  and  6,Zn.  The  measurements  were 
carried  out  from  threshold  to  27  MeV  in  50-keV  steps.  A distinct  structure  is  observed  in  the  cross 
sections.  The  half-width  of  the  curves  is  about  10  MeV.  The  integrated  cross  sections  for  MZn  and 
“Zn  without  taking  into  account  multiple  processes  are  800  ±80  and  1630  ±160  MeV  mb.  The 
experimental  data  are  compared  with  the  predictions  of  the  dynamic  collective  model  and  with  the 
concept  of  isospin  splitting  of  the  giant  resonance. 
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FIG.  I . Total  photoneutron  cross  sections  <7(7, xn)  for  MZn  (upper 
figure)  and  **Zn  (lower  figure). 
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Reduced  transition  probabilities  in  single  particle  units,  deformation  parameters  and  deformation 

lengths  (7?  = I.2fmx.4i-) 
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the  bremsstrahlung  end-point  energy,  Ey  max,  in  the  energy  range.  75-800  MeV,  using  the 
activation  method.  Cross  sections  have  been  deduced  and  are  compared  to  results 
obtained  using  a semi-empirical  model. 


Fie.  1 Measured  yields  for  the  (y,P)  reactions  in  30Si,  «Zn  and  Fi3-  1 The  3011(1  curves  show  the  smoothsd  cross  sectl0ns  ansm8 
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Abstract:  The  inelastic  electron  scattering  cross  sections  for  the  quadrupole  transitions  to  the  2!  and  2* 
states  in  the  even  Zn  isotopes  “Zn.  “Zn  and  “Zn  and  for  the  hexadecapole.  transition  to  the  4* 
state  in  Zn  have  been  measured  in  a momentum  transfer  range  up  to  q = 2.2  fm~ In  the  frame- 
work of  the  vibrational  model  these  states  are  considered  as  one-  and  two-quadrupole-phonon  states. 
The  measurements  are  characterized  by  high  statistical  accuracy  and  by  an  overall  resolution  of 
otit0  - 10  which  permitted  separation  of  almost  all  members  of  the  two-phonon  triplet.  The 
measured  cross  sections  are  analyzed  with  phenomenological  models  as  well  as  with  a Fourier- 
Bessel  expansion  of  the  transition  charge  density.  The  latter  analysis  yields  realistic  error  bands  for 
the  transition  charge  densities  and  model-independent  values  for  the  reduced  transition  probabilities 
and  transition  radii. 
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REACTIONS  64  66  6SZn(e.  e ),  £ = 100-275  MeV;  measured  dcydQ(£,  &). 
Zn  levels  deduced  transition  charge  density,  flT(Ex)  and  transition  charge  radii  Ru. 
Enriched  targets. 


Fjg.  3.  Cross  sections  divided  by  the  Mott  cross  section  for  the  allowed  transitions  to  the  2,*  state  in 
Zn.  6Zn  and  “Zn  versus  the  effective  momentum  transfer.  The  measured  cross  sections  are 
transformed  to  a common  modem  energy  £0  = 275  MeV.  The  curves  represent  best  fit  DWBA  cal- 
culations with  the  Fourier- Bessel  expansion  of  the  transtion  charge  density  (solid  line),  the  modified 
Tassie  model  (dashed  line)  and  the  Gaussian  model  (dashed-dotted  line). 
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Table  5 


Reduced  transition  probabilities  3,(E2)  and  transition  radii  R„  for  the  2t*  states  in  44Zn,  ®4Zn  and  ®8Zn 


6*Zn 

£ = 0.992  MeV 

64  Zn 

£ = 1 .039  MeV 

®*Zn 

e = 1.077  MeV 

S,(E2)(fmi) 
(e.  e ) a) 

1620  ± 90 

1410  ± 80 

1320  ± 70 

CE8) 

1700  ±150 

1450  ±130 

1250  ±110 

R„  (I'm) 

5.44+  0.09 

5.39  ± 0.09 

5.47  ± 0.09 

RJ  Rfn 

1.38+  0.03 

1 .37  ± 0.03 

1.38±  0.03 

*)  Model  independent  analysis,  this  work. 
b)  Ref.  I4). 


Table  8 


Reduced  transition  probabilities  and  transition  radii'R,,  for  the  forbidden  transition  to  the  2; 

states  in  ®4Zn,  ®®Zn  and  8“Za  and  to  the  4,  state  in  ®4Zn 


®*Zn 

e = T.800  MeV 

A = 2 

®4Zn 

£ = 1.873  MeV 
A = 2 

48Zn 

e = 1.883  MeV 

;.  = 2 

64Zn 

£ = 2.305  MeV 
/.  = 4 

fl-lEA)  (fm;i) 

17.0  ±1.2 

4.5  ±0.7 

46  ±7 

(3.4  ±l.0)x  10® 

R,,  (fm) 

4.6  ±0.1 

4.5  ±0.1 

5.9  ±0.1 

6.7  ±0.3 

R„. 

1 . 1 7 ± 0.03 

1 . 1 4 ± 0.03 

r.49±0.03 

1.70  + 0.08 

R;,(i:)IRl(2;) 

0.71  ±0.03 

0.69  ±0.04 

1.17  ±0.06 

Fig.  8.  Same  as  fig.  3.  but  for  the  forbidden  transitions  to  the  2j  states  in  ®*Zn.  ®®Zn  and  ®8Zn, 
respectively.  The  curves  represent  best-fit  DWBA  calculations  with  the  Fourier-Bessel  expansion  of 
the  transition  charee  density  (solid  line)  and  the  phenomenological  model  given  in  ei).  t22>(dashed  line). 
For  comparison,  the  shape  of  the  cross  section  for  the  allowed  transition  to  the  2,*  state  in  ®*Zn  is  shown 

(uppermost  curve). 
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ELEM.  SYM. 

Zn 


68 


30 


METHOD 


REF.  NO. 

77  Ne  3 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

Tabll  1 

Compilation  of  the  measured  inelastic  cross  sections.  The  cross  sections  are  multiplied  by  10*.  where  the 
power  x is  given  in  cols.  4 and  S.  respectively 


£o  V IOJ(d<r/dfl)  E0  0 \V[daidCl) 

(MeV)  (deg)  (cm2/sr)  (MeV)  (deg)  (cm2/sr) 


100.1 

60.0 

1.28  ±0.1 5 

100.1 

65.0 

8.52+1.00 

100.1 

70.0 

6.69  + 0.56 

100.1 

75.0 

5.49  ±0.37 

100.1 

80.0 

3.36r0.20 

100.1 

85.0 

2.68±0.14 

100.1 

90.0 

1.86  ±0.09 

100.1 

95.0 

1.1 8 ±0.06 

1000 

100.0 

7.79  ±0.29 

100.0 

105.0 

5.51  ±0.18 

100.0 

110.0 

3.85  ±0.12 

150.1 

50.0 

1.26  ±0.04 

150  0 

60.0 

4.]4±0.1 1 

150.1 

60.0 

4.49±0.14 

150.1 

66.0 

2.23  ±0.06 

150.0 

72.5 

8.71  ±0.23 

1 50.2 

72.5 

8.79±0.22 

150.1 

78.0 

3.64  = 0.09 

149.8 

80.0 

2.68  + 0.16 

150.0 

85.0 

1.01  ±0.06 

150.1 

50.0 

2.41  ±0.25 

150.1 

60.0 

7.42  ±0.61 

150.1 

66.0 

3. 18  ±0.20 

150.0 

72.5 

1.02  ±0.1 2 

150.2 

72.5 

1.01  ±0.09 

150.1 

78.0 

3.45+0.52 

149  8 

80.0 

2.45  ±0.40 

150.1 

85.0 

5.9  ±3.4 

150.1 

92.5 

6.2  +3.8 

274.7 

62.0 

< 1.8 

68Zn;  e = 

1.077  MeV  2,' 

29 

150.1 

30 

150.1 

30 

150. 1 

30 

275.1 

30 

274.7 

30 

275.3 

30 

274.7 

30 

274.7 

31 

274.7 

31 

275.4 

31 

274.7 

29 

275.1 

30 

275.4 

30 

274.7 

30 

275.1 

31 

274.8 

31 

275.0 

31 

275.1 

31 

275.0 

31 

275.0 

8Zn; £ = 1 

1.883  MeV  2Z* 

31 

275.4 

32 

. 274.7 

32 

275.1 

32 

275.4 

32 

274.7 

33 

275.1 

33 

274.8 

34 

275  0 

34 

275.1 

34 

275.0 

85.0 

1.03  ±0.03 

31 

92.5 

2.03  ±0  06 

32 

100.0 

7.88  ±0.34 

33 

52.5 

5.00±0.!7 

32 

52.5 

5. 1 2 ±0. 1 7 

32 

55.0 

6.55+0.29 

32 

55.0 

6.24  ±0.1 8 

32 

58.0 

7.22  ±0.19 

32 

62.0 

6. 1 6 +0. 1 6 

32 

65.0 

5.06±0.I4 

32 

68.0 

3.22  ±0.09 

32 

72.0 

1.47  ±0.04 

32 

75.0 

6.44  ±0.23 

33 

75.0 

6.24  + 0.18 

33 

79.0 

1.59  ±0.07 

33 

82.0 

3.34±0.49 

34 

85.0 

1 .74  ±0.35 

34 

88.0 

3.21  ±0.40 

34 

92.0 

4.75+0.40 

34 

98.0 

5.24  ±0.40 

34 

65.0 

< 2.8 

34 

68.0 

< 2.1 

34 

72.0 

< 18 

34 

75.0 

3.1  + 1.3 

34 

75.0 

1 .9  ±0.8 

34 

79.0 

2.1  ±0.7 

34 

82.0 

2.8±0.7 

34 

85.0 

1.7  ±0.5 

34 

88.0 

2. 6+0. 8 

34 

92.0 

1 .6  ±0.3 

34 
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ELEM.  SYM. 


Zn 


68 


30 


METWOO 


81  Ca  2 


hg 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

OETECTOR 

ANGLE 

TYPE  PAN  GE 

type  RINSE 

G,G 

LFT 

1 

C 0-2 

SCD-D 

(1 .0771 

1 .077  MeV 


Abstract.  Lifetimes  of  49  excited  states  below  1.65  MeV  have  been  measured  in  "*Me.  :7A1, 
“Ti.  J,Ni.  !,Co.  4l'42Ni.  43  43Cu,  44  44-4*Zn.  71As.  ,03Rh.  "J-us!n.  "‘•'"•‘:oSn  and  ,2,-i:3Sb 
by  means  of  nuclear  resonance  fluorescence  experiments.  The  levels  are  excited  by 
bremsstrahlung  x-ray  photons.  The  self-absorption  technique  applied  to  suitable  cases 
provides  nuclear  absorption  cross  sections,  widths  and  lifetimes  from  which  the  x-ray 
spectral  distributions  are  also  obtained.  Scattering  experiments  are  performed  for  all  other 
cases  in  order  to  obtain  widths  and  lifetimes  from  these  x ray  photon  curves.  The  Compton 
effect  in  the  sample  is  taken  into  account.  Self-absorption  provides  gr0  from  which  T is 
deduced  using  adopted  J ’ and  To/T  values:  scattering  provides  u = g(To/r)(f/[5)  from 
which  T is  also  deduced  with  J.  V0/V  and  mixing  ratios  taken  from  the  literature.  Thanks  to 
simultaneous  determination  of  the  x-ray  spectra  all  the  lifetimes  as  given  by  our  programs 
with  their  statistical  errors  form  an  unusually  coherent  set  of  values. 


NUCLEAR  REACTIONS  (y.  /).  bremsstrahlung  excitation:  natural  isotopes:  ‘*Mg.  I 
27AI. ^"Ti.  31  Ni.  ”Co.  4l,42Ni.  43-43Cu.  44’44-4*Zn.  ]As.  10JRh,  "3J1Jln,  "4-'“-‘-’0Sn 
and  J‘3Sb:  £ a:  0.5- 1.65  MeV,  measured  gfo  or  gifo/D^OY,  deduced  T,/;. 
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Tableau  3.  Resultats  des  mesures  des  niveaux  studies  par  diffusion. 
Table  3.  Results  obtained  using  the  diffusion  method. 


u = gfr0:/r)H'W  r(ps) 


Isotope 

Energie  (keV) 

J* 

Jo 

r0/T 

<5 

(meV) 

ce  travail 

'ret  (pS) 

References  t 

24Mg 

1368.59(4) 

2* 

0* 

l 

E2 

1,08(13) 

1,76(21) 

1,98(4) 

Endt  et  van  der  Lcun 

17  Al 

i* 

(1978) 

1014,45(3) 

0.971 

+ 0,351(12) 

0,186(13) 

2,20(16) 

2,12(8) 

Endt  et  van  der  Leun 

4,Ti 

(1978) 

983.512(3) 

2 ♦ 

0' 

1. 

E2 

0,282(23) 

6.74(55) 

6,1(13) 

Been (1978) 

s,Ni 

1454,45(15) 

2* 

0* 

1 

E2 

2,11(26) 

0.9CX  1 1 ) 

0.92(3) 

Kocher  el  Auble 

!,Co 

V 

(1976) 

1099,224(25) 

2 

1 

(E2) 

0.069(8) 

4,79(55) 

3.17(58) 

Kim  ( 1976) 

!,Co 

1458.8(3) 

V" 

i- 

0,91 

(E2) 

0.68(8) 

1,17(14) 

1.52(16) 

Kim  ( 1976) 

!,Co 

1480.9(3) 

i- 

J- 

0,8 

<0.35* 

1,23(15) 

0,254(31) 

0.31(3) 

■ Kim(1976) 

“Ni 

1185.7(6) 

l~ 

1- 

0,77(8)* 

|0.I4| 

1,88(49) 

0,21(5) 

0,16(3) 

Andreev  et  al  ( 1974) 

“Ni 

1 172,91(9) 

2* 

0* 

1 

E2 

0,88(17) 

2.15(42) 

2,09(3) 

Halbert  ( 1979a) 

43Cu 

1327,00(7) 

?' 

J- 

0,84 

(E2) 

1,04(14) 

0,84(11) 

0.88(4) 

Auble  (1979b) 

43Cu 

1412,05(4) 

J- 

0.72 

+ 0.6  ii:t! 

0,260(38) 

1,90(28) 

1,61(3) 

Auble  (1979b) 

MZn 

991.54(7) 

2’ 

0* 

1 

E2 

0,640(54) 

2,97(25) 

2,60(13) 

Halbert  (1979b) 

“Cu 

1481,83(5) 

i 

i~ 

0,85 

(E2) 

U3(19) 

0,79(13) 

0.49(5) 

Auble  (1975a) 

“Zn 

1039,37(6) 

2* 

0* 

1 

E2 

0,70(6) 

2.71(23) 

2.25(15) 

Auble  (1975b) 

4,Zn 

1077,38(5) 

2* 

0” 

1 

E2 

0.70(6) 

2,71(23) 

2,34(23) 

Lewis  (1975) 

75  As 

572.5(10) 

?- 

1- 

ld 

0,39b 

0,236(26) 

4,14(46) 

3,5(9) 

Horen  et  Lewis  ( 1975) 

UAs 

823.0(10) 

j“ 

j- 

0,86d 

(E2) 

0,214(22) 

4,27(43) 

3,5(3) 

Robinson  et  al  (1967) 

75  As 

865.5(10) 

V 

4- 

0,83d 

C 

0,78(6) 

0,863(68) 

0,60(12) 

Celliers  et  al  (1977) 

75  As 

1076,0(10) 

j" 

r 

0.94d 

0,38“ 

1.97(13) 

0,287(19) 

0.32(7) 

Celliers  et  al ( 1977) 

75As 

1128,5(10) 

i- 

1 

Eld 

0,224(24) 

1,47(16) 

— 

5As 

1 349,0(  10) 

j- 

i- 

0,67d 

0.20“ 

1.61(29) 

0.180(32) 

0.12(3) 

Wilson  (1970) 

sAs 

I370.(X  10) 

i- 

i- 

0.47d 

0.47“ 

0.64(13) 

0.218(44) 

— 

03  Rh 

803,1(2) 

i- 

1- 

0.70 

Ml 

1,85(16) 

0.174(15) 

— 

Harmatz  ( 1979) 

03Rh 

1277.0(2) 

i- 

J- 

0.75 

-0.62(30)' 

0.81(9) 

0,87(10) 

1.3(9) 

Harmalz  ( 1979) 

,3ln 

1 177(1) 

V* 

f* 

1 

+ 0.5(2) 

9.1(8) 

0.086(8) 

0,10(6) 

Tuttle  et  ai  ( 1976) 

nln 

1510(1) 

2 * 

V 

0.935 

-0.5}I;! 

6.4(9) 

0,071(10) 

0.1  1 ( - 2) 

Tuttle  et  all  1976) 

,!In 

1077.7(10) 

5- 

?♦ 

0.8  1 J 

(E2) 

0.159(24) 

1.61(24) 

1,23(7) 

Tuttle  el  al  ( 1976) 

l3ln 

1290.59(3) 

u* 

g * 
1 

0.98' 

(F.2) 

1.31(11) 

0.66(6) 

0.55(4) 

Tuttle  et  a /( 1976) 

1!ln 

1448.78(3) 

5' 

?* 

0.86 

— 81 

0.90(1  1) 

0.50(6) 

0.5  2(  20) 

Tuttle  et  al  ( 1 976) 

l5ln 

1486.1(1) 

g * 
2 

j* 

0.787 

- 0.8r 

0,63(9) 

0.63(9) 

0.4(3) 

Tuttle  et  aU  1976) 

l5In 

i 497.2(4) 

(*■  t 

2 ’ 

< 1 

(E2) 

1,33(16) 

<0.30(4) 

m 

l!ln 

I607.«(  15) 

(!*) 

V 

< ! 

(M2) 

1.54(24) 

< 0.26(4) 

— 

l4Sn 

1293.54(2) 

2 " 

0‘ 

i 

E2 

3.58(37) 

0.53(6) 

0.5221 14) 

Carlson  et  al  ( 1975) 

l8Sn 

1229.64(4) 

2 ’ 

0* 

i 

E2 

2,75(28) 

0.69(7) 

0.67(2) 

C arlson  et  at  { 1976) 

2JSn 

1171.6(2) 

2 ’ 

0* 

i 

E2 

1.83(16) 

1.04(9) 

0.91(2) 

Kucher  ( 1976) 

2lSb 

1023.5(10) 

7 - 
1 

;* 

i 

|0.57|* 

3.69(34) 

0.228(21) 

0.20(7)'’ 

Tamura  et  ai  1 1979) 

2lSb 

1105.5(10) 

r 

2 * 

0.4 
0.6  y 

— 

0.47(4) 

0.42(4) 

— 

!1Sb 

1 142. 5(  10) 

?* 

J *■ 

(E2) 

0.85(8) 

0,449(40) 

0.4  1(3)" 

Booth  et  al  ( !9'3' 

2lSb 

1384.0(101 

j* 

4" 

1 

|0,45i* 

4.7(5) 

0.092(  10) 

0,0881  14)” 

Booth  et  al(  1973) 

23Sb 

1029.5(10) 

* - 

1 

|0.57|* 

2.96(27) 

0.272(25) 

0,26(4)'* 

Booth  et  al  ( 1973) 

23Sb 

1086.5(10) 

j* 

j’ 

1 

|t)i  > 1.26* 

1,06(9) 

0.67(6) 

0.72(15)" 

Booth  et  al  1 1973) 

t References  pour  !es  colonnes  3.  4,  5.  6 et  9 de  ehaque  ligne,  sauf  indication  appelee  au  has  dc  ce  tableau.  Pour  les  autres  donnees  se  reporter  au 
texte. 

Remarque.  Pour  calculer  S2  quand  nous  ne  disposons  que  de  B(E2),  pour  un  melange  (E2)  + (M1),  nous  deduisons  gro(E2)ocS(E2)£,! : en 
admcttanl  Wifi 1=1  et  connaissant  To/T.  notre  determination  dc  u donne  une  premiere  approximation  de  gTo  d’ou  une  valeur  de 
<52  = fgr0(E2))/(^ro  -gT o(E2))  qui  permet  d’ameitorer  W(8)  et  gV 0 de  proche  en  proche. 

' Swann  (1971);  0 Robinson  et  al  ( 1967); c W(8)  = 0.99  calcule  d'apres  la  formule  de  Celliers  et  at  ( 1977);  J Abbondanno  et  ai  I 1978);  ‘ Saver  et  a I 
( 1972);  ' Tuttle  et  al  ( 1976);  ‘ d’apres  fl(E2)  de  Barnes  et  al  ( 1966);  * calcule  d’apres  Booth  et  al  ( 1973); ' Williams  et  al  ( 1975); ' Dietrich  et  al 
(1970). 
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Fig.  2.  Cross  sections  divided  by  the  Mott  cross  section  for  the  excitation  of  the  first  and  second  2* 
slates  in  ®*Za  and  70Za,  respectively,  versus  the  effective  momentum  transfer.  The  cross  sections 
measured  at  different  values  of  the  incident  energy  E were  transformed  to  the  common  energy 
E„  = 120  MeV.  The  curves  are  the  best  fit  of  the  anharmonic  vibrator  model. 


States:  .884(2+),  1.76(2+)  MeV.  Tables 

Reduced  transition  probabilities  in  single  particle  units,  deformation  parameters  and  deformation 

lengths  (R  = 1.2  fmx  A$) 


B:(E2)IBy-  (E2) 

fa 

faR  Br 

(fm) 

(E3),'B5jp‘ 

(E3)  fa 

faR 

(fm) 

“Zn 

««Zn 

*»Zn 

70Zn 

20.4  ±1.2 
17.3  ±1.3 

13.5  ±1.0 
24.0  ±2.2 

0.230±0.007 
0.212±0.008 
0.1 37  ±0.007 
0.249  ±0.0I  I 

I.10±0.03 
1.03  ±0.04 
0.92±0.04 
1.23  ±0.06 

23.5±4.0 
23.4±4.9 
19.8  ±4.3 

0.224±0.019 
0.224  ±0.023 
0.206  ±0.022 

1.08  ±0.09 
1.09x0.11 
1.01  ±0-1 1 

19A.K.  Sen  Gupta  and  D.M.  Van  Patter,  Nucl.  Phys.  5£  (1964)  17. 


WzSbc)* 


**Zn  0.109±0.004 

70Zn  0.1 22  ±0.006 


Table  T 

The  2*  and  2J  stats  AVM  fitting  parameters  for  “Zn  and  70Zn 

Cw  Zn  a Q(  2f)(AVM)  BR(AVM)  BR(other)1)  B(E2;0f-*2*) 

(fm) (fm) . 

4.47±0.0S  0.53+0.06  0.165x0.005  —0.124+0.012  456+70  159  + 12  8x2 

4.29±0.08  0.71  ±0.05  0.25  ±0.02  — 0.233  ±0.022  72(i{J)  50±13 


Derived  2*  state  static  quadrupolc  moments,  2j  state  branching  ratios,  and  3(E2;  0*  -*•  2* ) are  given. 
•)  Ref. 19). 
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GALLIUM 

:¥51 


Gallium  is  a bluish-white  metallic  solid  that  becomes  a 
liquid  at  near  room  temperature.  It  was  discovered  in 
1875  by  the  French  chemist,  Lecoq  de  Boisbaudran,  by 
spectroscopic  examination  of  concentrates  from  a Pyrenean 
zinc  blend.  The  position  of  the  emission  lines  corresponded 
to  those  predicted  for  "eka-aluminum,!^a  missing  element 
between  aluminum  and  indium  in  Mendeleyev's  periodic  scheme 
of  the  elements.  He  named  it  gallium  from  the  Latin  gailia 
in  honor  of  his  fatherland. 


G.  Baciu,  A.  Bonazzola,  B.  Minetti , C.  Molino, 
and  G.  Piragino 
Rev.  Roum.  Phys.  2?  977  (1964) 

______ 


L.  Pasqualini 


Ga 

REF.  NO. 


31 


64  Ba  4 


egf 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 
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Table  1 


Element 

Yield  (36) 
eV  cm“ 
mol  MeV 
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(mb  MoV) 

30 

Z 

0 

80 

Z 

0 

20  80 
Z/Z 
0 0 

(MeV) 

cm 

(mb) 

24Cr 

83  xlO’5 

777 

1.21 

2.1 

0.53 

18.5 

97 

2SMa 

108  X10-5 

813 

1.52 

2.33 

0.65 

18.5 

114 

26Fe 

68  xlO’5 

cC  2 

0.83 

1.46 

0.30 

17.5 

75 

27Co 

83x10’° 

873 

1.08 

1.32 

0.59 

17.5 

92 

2S*** 

44  X 10’5 

879 

0.55 

1.07 

0.51 

13.5 

56 

29Cu 

Sox  10’5 

947 

1.06 

1.99 

0.53 

17.5 

98 

30Za 

33  x 10’° 

975 

0.94 

1.63 

0.56 

17.5 

36 

31Ga 

130 x 10’5 

1034 

1.29 

2.13 

0.59 

17.5 
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32Ge 

139 x 10’5 

1064 

1.35 

2.29 

0.59 

17.5 
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137 x 10’5 

1109 

1.22 

2.13 

0.56 

17.5 

127 

30  3 (y,  xn ) dE 
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u 60  nz/a 
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4.35 

1.32 

i -Xa 

13.5 

11.30 

2.49 

12*^0 

10.0 

3.31 

1.72 

^oAl 

15.9 

13.92 

2.20 

14*-’i 

11 .6 

9.96 

1.55 

, - o 

iO* 

19.5 

17.56 

2 22 

lo3 

9 .5 

S.5S 

1.57 

10- 

IS.o 

17.30 

1.51 

20C“ 

12.1 

11.63 

1.02 

St> 

51.0 

2.56 

115 

To  .1 

3.96 

26^° 

71 

50.5 

2.55 

2?Co 

34 

53.5 

2.34 

23“'*  ‘ 

46 

24  2 

1.59 

20Cu 

102 

72.3 

2.23 

204.n 

S3 

55. T 

2.63 

3lGa 

140 

93.6 

2 21 

2;oGo 
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101.5 

2.26 

2^As 
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39.3 

*2  12 

•j.s.  ::?as’v:nt  of 


559 


G.  Baciu,  G.  C.  BonazzoLa,  B.  Minetti,  C.  Molino, 
and  G.  Piragino 
Nuclear  Phys.  _67,  178  (1965) 


METHOD 


L.  Pasqualini 


31 


NBS  Monitor 


[Page  1 of  2] 


65  Ba  3 


EGF 


REACTION 

RESULT 

EXCITATION 

ENERGY 

SOURCE 

DETECTOR 

ANGLE 

TYPE  RANGE 

TYPE  RANGE 

G ,XN 

ABX 

THR  - 28 

C 10-30 

BF3-I 

4PI 

Table  2 


Cross  sections  for  Co,  Ni,  Cu  and  Ga 


‘ Em 
(MeV) 

<7* 

(mb) 

f*<r(£)d£  (mb  • MeV) 
Jo 

Ref. 

Co“ 

16.9 

130 

750(24) 

') 

16.75  19 

110  103 

709(25) 

*) 

17.5 

68 

725±72(28) 

‘) 

16.5  19 

82  80 

701  ±91  (29) 

“) 

16.5  19 

72  74 

657±  89(28) 

this  work 

537±34(24) 

this  work 

445  ±48(24) 

•) 

Ni 

16.5 

50 

340(24) 

u) 

16.5 

46±1 

313±48(28) 

this  work 

276  ±25  (24) 

this  work 

Ni“ 

18.5 

60 

330(24) 

30 

180(24) 

#M) 

20.5 

21 

160(24) 

“) 

19.0 

32 

220+30(32) 

u) 

Ni** 

16.5 

85 

440(±20  %)(24) 

tt) 

Cu 

19.5 

120 

870(20) 

*) 

904(27) 

u) 

17.2 

126 

930(27) 

“) 

17 

90 

450±  15(19.6) 

”) 

16.75 

71  ±7 

745  ±74(28) 

") 

17.0 

86±2 

733±  105(28) 

this  work 

451  ±18(20) 

this  work 

Ga 

16.5 

1 15±3 

947±98(28) 

this  work 

am  is  the  peak  value  of  the  cross  section,  £m  is  the  peak  energy  and  j^a(E)<LE  is  the  integrated  cross 
section.  The  upper  limit  of  the  integration  is  indicated  in  parentheses. 


*)  Value  obtained  subtracting  the  (y,  2a)  reaction  contribution  from  the  a(y,  Tn). 

b)  Value  obtained  by  subtracting  the  Ni“(y,  n)Ni17  reaction  contribution  from  the  a(y,  Tn)  for 

natural  nickel  corrected  for  the  (y,  2n)  reaction  contribution. 
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Fig.  2.  Partial  photoneutron  cross  sections  [o(y,  a)+a(y,  pn)]  and  <x(y,  2n)  for  Ga.  Arrows  3,  and 
3zm  indicate  theoretical  threshold  values  for  (y,  n)  and  (y,  2n)  reactions  respectively. 


Tabu  3 

Integrated  photoneutron  cross  sections  and  comparison  with  sum  rules 


Nucleus 

**2n 

I4*  Ga 

(7,Ga 

70Ge 

7JGe 

74Ge 

74Ge 

7 5 As 

74Se 

7*Se 

*®Se 

”Se 

£u  (MeV) 

29 

26.5 

26.5 

26.5 

26.5 

26.5 

26.5 

26.5 

26.5 

26.5 

26.5- 

<r«,  (MeV  • b) 

0.75 

0.91 

0.78 

0.94 

1.02 

1.12 

1.09 

1.01 

- 1.06 

1.11 

1.13 

<*OmA 
0.06  N2 

0.78 

0.87 

0.75 

0.38 

0.94 

1 

0.98 

0.90 

0.92 

0.94 

0.95 

Bt-B„  (MeV) 

4.2 

IS 

3 

1 

-0.8 

-2.6 

3.3 

1.7 

0.1 

-1.5 

-3 

o- 1«  (mb) 

38 

52 

44 

54 

59 

64 

63 

58 

62 

65 

67 

(mb) 

0.15 

0.18 

0.15 

0.18 

ai9 

0.20 

0.20 

0.18 

0.19 

0.19 

0.19 

<r.i.  (mb  - MeV-') 

2.0 

3.1 

2.5 

3.2 

3.6 

3.9 

3.7 

3.4 

3.8 

3.9 

4.2 

(/ib-  MeV-') 

1.9 

2.6 

2.1 

2.6 

2.8 

2.9'  ' 

• 2.8 

2.5 

2.7 

2.6 

17 

The  notation  used  is  defined  in  the  text.  The  average  experimental  errors  A a9Ja ^ Aa_lJa_im  and  Aa.jJa.^  are  approximately  8 %.  562 
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5- 5-^. 5 


At  Ed=  4.5  MeV,  a(d,y)  = 80  |ib. 


Table  1 

Result*  fur  4.0  MeV  deuterooB 

Kcactun 

■w  %i 

taeor 

.direct  caoture1 

; 

nilL.i-  13 

1 

....  ~ 

HI  ui> 

ub 

HI  jib  .assuming  the  raeas-  | 

a.'.  ml. 

H4  ir.b 

■ired  (i  to  be  totally  1 

\ 

accounted  for  bv  this 

i 

0.7  HI-* 

M To  10-* 

process) 

! 

/.n4‘ 

.1 

HO  jib 

Htf  ub 

192  jib 

i 

,i.  n»  - a.  pi 

ISO  mb 

ITS  mb 

a. 

rt.5  10-* 

0.49  10-* 

•i.  in  -a.  pi 

l r-‘ 

a.  y, 

295  ub 

21  j ub 

1290  jib 

a pi 

Tomb 

29  mo 

a.  y 1 

3 9 « Ur* 

7.4  v 10-* 

a.  pi 

* There  is  a misprint  in  eq.  f5)  of  rei.  l).  the  right  side  of  which  should  be  divided  by  n.  Eq.  v®) 
of  ref.  *>  is  correct 
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Yield  (36  MeV) 
/ n.  cm2  ^ 

„30 

A 

„80 

A 

s.7  2: 

O-i 

(mb) 

\ mol.  MeV  / 
X 10» 

24^  

83 

1.21 

2.1 

0.58 

62 

25Mn  

108 

1.52 

2.33 

0.65 

76 

2«^e  

68 

0.88 

1.46 

0.60 

50 

27^“°  

89 

1.08 

1.82 

0.59 

64 

28^*  

44 

0.55 

1.07 

0.51 

34 

2»CU  

95 

1.06 

1.99 

0.53 

72 



88 

0.94 

1.68 

0.56 

66 

»Ga  

130 

1.29 

2.13 

0.59 

94 



139 

1.35 

2.29 

0.59 

101 

3jAs  ......... 

137 

1.22 

2.18 

0.56 

100 

* a r * 

\ = / a (E)  dE  is  the  integrated  cross  section  measured  in  units  of 

LU  60  NZ  J » 

the  classical  dipole  60  NZ/ A mb.  MeV. 
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Table  1 


Direct  and  absorption  measurements  of  resonance  fluorescence 


Nucleus 

£r 

(MeV) 

J, 

rjr 

gwrjjr 

(meV) 

Error 

(%) 

This  work 
(meV) 

Other  work 

A 

“Mn 

0.000 

i~ 

1.527 

(}*) 

0.9 

5.2 

25 

8-12 

abs  ») 

40 

8.0 

1.884 

7 

0.82  ») 

41 

25 

50!  gW 

abs  ») 

10 

55  lg 

2.197 

7 

(0.8)  <=) 

17 

25 

2\lgW 

abs 

20 

nig 

2.252 

7 

(0.9) «) 

17 

25 

191  giv 

abs 

20 

13  lg 

2.365 

7 

7 

3.5 

36 

(2  -6)nr0 

2.564 

0 

(1.0) 

50 

25 

50 \gW 

abs  *) 

20 

61  ig 

2.751 

7 

6.7 

42  . 

6.1(nr,)lgiV 

“Co 

0.000 

}- 

1.187 

(i-> 

(1.0) 

6.8 

25 

7.5 

0.33(E2)d) 

abs 

75*) 

12 

G-) 

(1.0) 

6.8 

25 

(5.4— 6.5) 

0.27(E2) 

abs 

25  ») 

9.6 

«Cu 

0.000 

.1  — 
7 

1.414 

J- 

*> 

1.6 

30 

(i.i-i.7)r/r„ 

“Ga 

1.551 

0.000 

3- 

i- 

0 

1.7 

37 

(1.7-2.5)/7^o 

0.1  (E2)*) 

0.872 

G-) 

0.95 

1.1 

35 

0.8/ IV 

1.107 

(}-) 

0.95 

8.0 

20 

8.4/ 1 V 

’•As 

0.000 

0.86 

0 

1.7 

20 

UTTlgWr 

1.07 

7 

7 

2.6 

30 

2.6  rig  wr. 

1.35 

7 

3.6 

20 

3.6  rig  wr. 

“Y 

0.000 

*- 

1.51 

3- 

(1.0) 

52*) 

30 

28 

0.37(E2) ') 

abs  ») 

15 

22 
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d)  Ref.  lJ).  e)  Ref.  “).  t)  Rcf.  «). 
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Table  1 

Results  of  the  resonance  fluorescence  investigation 


Ey  (keV) 

1337 

1107 

872 

574 

^GeCl,)  (mb)  - 
scatt  v 

<10 

126  ±6 

218  ±15 

55  ±20 

tfScA«(GeBr4) 

0.98  ±0.06 

0.84 ± 0.08 

**scatt(^ed«)solid 
^sc  a u C G cC I4  ) gaJ 

0.042  ±0.015 

0. 1 7 ± 0.04 

<0.07 

<0.12 

£(%) 

26.8  ±2.5 

28  ±5 

— r (meV) 
9» 

4.1  ±0.4 

2.1  ±0.4 

tV(£r)elp(eV"1) 

(1.04  ±0.12)  • 10-1 

(2.3  ±0.5)  • 10-* 

,\(E  )(cV" 

^ r'Gc  atom 

(1.6  ±0.2)  - 10-* 

1 

O 

3.8  • 10-* 

— r (psec) 
9i 

(0.16  ±0.02) 

(0.31  ±0.06) 

(5±3) 

T’eip  9i 

rvibr(E2)5. 

10 

16 

8 ±4 

T(M1 

^eip  ^1 

4.5 

4 

18 

aQ eCh  an(j  aGeBr<  are  cross  sections  for  resonance  scattering  obtained  with  gaseous  sources  of 

scatt  scatt 

GeCl,  and  GeBr,,  respectively,  the  cross  section  with  a solid  source  of  GeCl4  and  A.  the 

anisotropy  in  the  angular  distribution  of  the  resonantly  scattered  radiation.  The  level  width  I and 
the  lifetime  r are  deduced  from  the  observed  self-absorption  e,  gx  and  ga  are  the  statistical  factors 
of  excited  and  ground  state,  respectively.  ;V(£r)exp  the  relative  number  of  y-quanta  in  the  emission 
line  which  falls  into  an  energy  interval  of  1 eV  around  the  absorption  line  E , and  .V(£r)cc  the  expected 
values  for  a gaseous  source  of  Ge  atoms.  In  lines  10  and  1 1,  the  experimental  results  for  the  line  width 
£clp  and  the  transition  probability  7"„p  are  compared  with  predictions  of  a pure  vibrational  model 
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1 
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12  LEVELS 


Level 
energy  * 
(keV) 

Jtt 

Ey 

Thi3  work 
(keV) 

iyr* 

g WTjVr 
This  work 
(meV) 

r. 

Deduced 

(meV) 

g*3. 

F 

318.4(2) 

Fb 

... 

1.0 

c 

• • • 

573.9(2) 

2 

574(1) 

0.998(2) 

0.053(6) 

0.035(4) 

871.7(2) 

re 

872(1) 

0.948(5) 

1.43(15) 

1.51(15) 

1027  b 

<*>_f 

... 

0.20  b 

<0.06 

<0.5 

1108.4(2) 

r* 

1106(1) 

0.964(2) 

2.7(2) 

2.8(3) 

1336.2(2) 

i'b 

1337(1) 

0.937(6) 

0.70(4) 

1.50(8) 

1487.8(2) 

(f)*.(frf 

1488(1) 

0.51(5) 

0.12(4) 

0.23(8)  g*1 

1525.7(2) 

... 

0.33(3) 

<0.06 

• •• 

1723.5(4)  h 

1723(2) 

0.54(8) 

0.32(10) 

0.40(14) 

1890.8(2) 

1892(2) 

0.68(5) 

10.3(6) 

1512(15  )g*1 

1323.0(2) 

... 

... 

0.093(9) 

<0.4 

• • • 

2022.2(2) 

(*4>'g 

2024(2) 

0.86(5) 

2.9(2) 

3.4(3)g-‘ 

2042.6(4) 

<*• 

2045(2) 

0.67(20) 

2.1(2) 

3.2(10>g_‘ 

* Reference  8 unless  otherwise  marked 

b Reference  7. 
c No  data  taken  for  this  level.  (See  Sec.  H in  text). 

J 8‘  M.'  “•  Kfc°dzaev  (Ref.  11)  measured  A,  and  At  coefficients  In  (y,  ye)  experiments  and  deduced 
for  this  level.  A reanalysis  of  his  data  indicates  that  the  coefficients  are  also  consistent  with  a f assignment. 
Reference  10.  2 

f Reference  9. 

* Reference  8. 

8tUn!^  Vth  e!eCtron  OTer^  £t<2.04  Mev  to  avoid  population  of  the  2043-keV  level  with  Its  1724- 
Kev  decay  to  first  excited  state. 


^D.S.  Velklay  at  al . , Phys.  Rev.  J79,  1090  (1969). 
^W.  H.  Zoller  at  al.  , Nucl.  Phys.  A124.  15  (1969). 
^a.G.  Couch  et  al.,  Phys.  Rev.  C2,  149  (1970). 

S.  Raman  et  al.  , Phys.  Rev.  C£,  744  (1970). 
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FIG.  4.  Angular  distributions  of  the  elastic  and  inelastic  transitions  deejtcittng  the  7306-keV  level  in  aGa  as  measured 
using  a 20-cm3  Ge(Li)  detector.  The  solid  lines  have  the  form  W(9>=*1  (cos 4)  and  are  least-square  fits  to  the  ex- 
perimental distribution.  In  each  case  the  corresponding  7-7  cascade  is  indicated. 
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Elastic  and  IneUstic  scattering  of  monochromatic  photons  vere  used  for ’studying  nuclear 
energy  levels  In  Ga;  the  photons  were  produced  by  thermal  neutron  capture  In  copper  and 
vanadium.  The  decay  of  one  resonance  at  7306  keV  excited  by  the  copper  y source  and 
another  resonance  at  6874  keV  excited  by  the  vanadium  y source  were  studied  in  detail  and 
30  low-lying  levels  were  observed  from  the  ground  state  up  to  3.4  MeV,  17  of  which  are  be- 
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parentheses  denote  uncertain  J*  assignments.  The  parity  of  the  7306- keV  level  was  direct- 
ly determined  using  a Compton  polarimeter.  The  total  radiative  width  of  the  7306-keV  level 
was  measured  and  found  to  be  T =0.105  ±0.020  eV.  For  the  6874-keV  level,  a positive  corre- 
lation coefficient  was  obtained,  p =0.69,  between  the  (y,y')  and  (d,n)  transition  strengths 
eading  to  the  same  final  states  in  “Ga.  The  levels  of  (sGa  are  compared  with  recent  theoret- 
ical calculations. 
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FIG.  5.  Angular  distribution  of  the  elastic  and  one  in- 
elastic transition  deexclttng  the  6874-keV  level  in  “Ga 
as  measured  using  a 30-cm3  Ge(Li)  detector.  See  cap- 
tion to  Fig.  4. 

TABLE  H.  y energies  of  the  scattered  radiation  from 
a Ga  target  using  V y rays.  Intensities  are  normalized 
relative  to  the  6874-keV  resonance  line.  Asterisks  de- 
note transitions  believed  to  correspond  to  a possible 
resonance  at  7310-keV  resonance  in  r‘Ga.  Daggers  indi- 
cats unidentified  transitions. 


y line  energy 
(primaries) 
(±4  keV) 

Relative  intensity 
(±20%) 

7310" 

20 

6374 

100 

6554 

205 

6346* 

37 

6202* 

11 

6002 

80 

3349 

20 

4980 

10 

4896 

25 

4653T 

20 

4619t 

20 

45437 

12 

4417 

15 

4309 

10 

4214 

is 

TABLE  L y energies  of  the  scattered  radixfiaa  from  a 
Ga  target;  the  y source  was  obtained  from  the  Cu(j»,  y) 
reaction.  The  brandling  ratios  of  the  assumed  primary 
tranaitfcms  are  given  and  are  accurate  to  =15%.  The  y 
■energies  of  the  lew-energy  spectrum  are  listed  ■mdiw 


y line  energy 
(primaries) 
(keV) 

" 11  11  '■  1 i — na=aaga 

y line  energy 

Branching  ratios  (secondaries) 

(&)  (keV) 

7306  ±2 

52.0 

2484  ±4 

8732  ±2 

3.6 

2340  = 4 

6434 .at  2 

3.0 

1721=8 

5618  ±2 

6.0 

1630  = 37 

5415  ±3 

0.8 

i486  = 2 

5383  ±3 

0.1 

1338  = 2 

5109±  3 

0.5 

1105  = 2 

4954  ±3 

1.3 

915  = 2 

4880  ±3 

1.0 

S72  =2 

4849  ±2 

1.9 

574  = 2 

4822  ± 2 

2J3 

4646  = 2 

4 2 

4541±3 

0.6 

4509  ±3 

2.0 

4460  = 3 

0.4 

4446  = 4 

0.3 

4342  = 3 

0.4 

4328  = 2 

1.2 

4255  = 3 

3.6 

4230=4 

3.4 

4102  = 4 

22 

4081  = 5 

22 

4024  =6 

1.0 

3968  = 6 

4.1 

574 


REF.  K.  Ramavataram,  C.  Rangacharyulu,  I.M.  SzOghy,  R.  Hilko, 
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TYPE  RANGE 

TYPE  RANGE 
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LFT 

9 

D 3 

SCD-D 

55 

(9.85) 

(3.250) 

Isobaric  analog  resonances  in  4,Ga  corresponding  to  the  ground  (l/2~)  and  first  excited  (9/2*)  parent  states 
of  4,Zn  have  been  studied  by  the  “Zn(p,*/)  reaction.  The  y decay  of  the  ground  state  of  i9Zn  is  compared 
with  the  0 decay  of  the  parent  iso  banc  analog  state.  The  latter  is  a pure  Gamow-Teller  transition  to  the 
ground  (3/2~)  and  third  (3/2-)  excited  states,  while  both  Gamow-Teller  and  Fermi  matrix  elements  can 
contribute  in  the  decay  to  the  second  excited  ( 1/2“ ) state  of  4,Ga.  The  Af  1 decay  widths  obtained  from  the 
y decay  of  the  Jw  = 1/2”  iso  banc  analog  state  are  in  good  agreement  with  the  widths  extracted  from  the 
log/r  values  in  the  first  two  of  the  three  /3 -decay  branches.  However,  the  M 1 decay  width  to  the  third 
excited  state  disagrees  with  the  value  deduced  from  the  log ft  value  of  the  0 decay  of  the  6*Zn  g.s.  to  this 
state.  In  addition,  the  Ml  transition  strength  of  the  9/2*  (T>)  state  to  the  9/2*  (T<)  state  in  4,Ga  has  been 
measured  and  is  compared  with  the  recently  published  systematic  trends  for  the  analog  to  antianalog 
transition  in  other  f-p  shell  nuclei. 


LEVEL  9.858  MEV 


T NUCLEAR  REACTIONS  48Zn (p,y),  E =3.2— 3.8  MeV.  s,Ga  deduced  resonances, 
L measured  Ey  and  T7 , Ml  strength. 


TABLE  I.  y-decay  properties  of  the  IAR  of  the  (^~)  ground  state  of  s9Zn  at  £,  = 3.250  MeV. 


Transition 

Assumed 
multi  pole 
order 

rr 

(eV) 

B(A/1) 

(F,yJ) 

B(E2) 

BiMl.cr)  4 

(F.vi 2) 

IAR— g.s 

■L-  _i- 
2 2 

Ml 

0.88 

±0.20 

0.080 

9 * * 

0.085 

IAR— 0.318 
-L- 

2 2 

m 

<0.1 

<10'2 

* * * 

5 *10-s  ** 

IAR— 0.372 

m 

0.13 

0.03 

0.01 

J.-  _ lr 

i 2 

zz 

±0.11 

14.9 

IAR  — 1.525 

i""— (i’.f) 

Ml 

£2 

0.52 

±0.14 

o.os 

16.0 

i Value  deduced  from  & decay  of  6SZn. 

h Value  obtained  assuming  transition  to  be  pure  Gamow-Teller. 
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Reference 
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m 
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REACTION 
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ENERGY 

SOURCE 

DETECTOR 
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ABY 

THR-  20 
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ACT- 1 
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Table  1.  Summary  o»  data  on  O',  a)  reaction*  with  20  McV  bremsstrahluno 


Nuclide 

(-G.  MeV) 

Observed  gamma-ray 

Results  obtained 

Parent 
(Natural 
abundance,  %) 

Product 

(Half-life) 

Energy 

(MeV) 

Branching 
ratio  (%) 

Type  of 
multipole 
transition 

/jCi/mg»> 

Yield 

(mol"  ' • r<  — 

>'V(99.75) 

*7Sc(3.4d) 

10.27 

0.160 

100 

MI+E2 

1.99x  10*» 

2.8x  10* 

«Cu(30.9) 

“Co(99  min) 

6.75 

0.068 

99 

Ml  +£2 

7.23  x 10"* 

9.7x  10* 

7,Ga(39.6) 

*7Cu(61  hr) 

5.15 

0.184 

41 

Ml 

2.70X  10*» 

9.6x  10* 

”Ge(7.67) 

!*®Zn(14  hr) 

5.89 

0.435 

100 

M* 

1. 11  x 10-* 

5. Ox  10* 

•*Br(49.48) 

77As(39  hr) 

6.46 

0.246 

2.81 

Ml  +£2 

1.97x10-* 

4.3  x 10* 

l0*Ag(48.65) 

"»Rh(36  hr) 

3.28  0.319+0.306 

24.8 

MI+E2 

8.29x10-* 

3.7x  10> 

niJn(95.77) 

>"Ag(7.6d) 

3.78 

0.340 

6 

Ml  +E2 

5.70x  10-» 

4.3  x 10* 

a)  The  value  corrected  at  the  end  of  1 hr  irradiation  (9.4X  10*  R/min). 


Fig.  1.  The  yield  curve  for  (r,  a)  reaction  with 
20  MeV  bremsstrahlung. 
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REACTION 
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ENERGY 
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G.G 

LET 
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TABLE  IV.  nGa  levels  and  results. 


Level 

energy 

(keV) 

J*x 

. ^7 

This  work 

(keV) 

r,/r» 

gWTtT'/T 
This  work 
(meV) 

r* 

Deduced 

(meV) 

SJ. 

r 

389.87(5) 

f 

... 

1.0 

<0.08 

... 

487.34(5) 

f 

... 

1.0 

<0.03 

... 

511.55(5) 

F 

... 

0.91(6) 

<0.08  * 

... 

910.3(1) 

F*(F) 

910(1) 

1.0 

0.57(5) 

0.57(5)  g-' 

964.7(1) 

F 

965(1) 

0.78(3) 

0.28(5) 

0.24(4) 

1107.4(2) 

F 

... 

0.022(3) 

... 

... 

1109.3(5) 

(D 

1109(1) 

1.0 

2.4(3) 

4.8(6) 

1395.2(4) 

(F.F) 

1395(1) 

1.0 

0.27(6) 

0.27(6)  g-' 

1476.1(2) 

F - F 

... 

0.24(2) 

<0.08 

... 

1493.8(4) 

F 

(0.0) 

<0.08 

... 

1498.7(2) 

F.F 

... 

0.0 

<0.08 

... 

1631.6(2) 

f * ) 

... 

0.093(8) 

<0.3 

... 

1702.1(8) 

... 

... 

0.0 

<0.3 

... 

1719.7(7) 

(F.F) 

1719(1) 

0.43(10) 

0.70(18) 

1.6(6)  g~l 

2084.6(2) 

F.F 

2064(1) 

0.64(9) 

1-8(2) 

2.9<4  )g~l 

1 From  Ref.  12. 

A small  correction  was  made  for  the  background  511-keV  annihilation  y ray  from  environmental  radiation. 
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DEFINITIONS  OF  ABBREVIATIONS  AND  SYMBOLS 


Note:  In  this  list  definitions  are  given  for  various  photoneutron 

reactions  in  which  the  following  symbols  are  used:  N,  NL,  nN,  SN  and  XN. 

Corresponding  definitions  apply  for  reactions  involving  other  nuclear  particles 
where  the  symbols  N (neutron)  is  replaced  by,  e.g.  P,  D,  T,  HE,  A etc.  Where 
unknown  reactions  result  in  the  production  of  a specific  radionuclide,  the 
chemical  symbol  andmass  number  is  listed  as  the  reaction  product,  e.g.  a G,NA22 
reaction  in  59Co. 


A 

alpha  particle 

response  function.  Contrast 
with  D = discrete. 

ANAL 

analy si s 

CCH 

cloud  chamber 

ABI 

absolute  integrated  cross-section 
data 

CF 

compared  with 

ABX 

absolute  cross-section  data 

CHRGD 

charged 

ABY 

absolute  yield  data.  Often  means 
cross-section  per  equivalent 

CMPT 

Compton 

quantum  is  listed. 

COIN 

coincidence,  coincide 

COINC 

ACT 

measurement  of  induced  radio-r 
activity  of  the  target 

COH 

coherent 

ASM 

asymmetric,  asymmetry 

CK 

Cerenkov 

AVG 

average 

D 

deuteron  or  discrete.  When 
discrete,  it  is  used  to 

BBL 

bubble  chamber 

describe  a photon  source  or 
a detector  response  function. 

BEL 

reduced  electric  radiative 

Contrast  with  C = continuous. 

B ( EL ) 

transition  probability 

DLTE 

energy  loss 

BF3 

BF3  neutron  counter  with  moder- 
ator e.g.,  Halpern  detector, 
long  counter 

DLTQ 

momentum  transfer 

DST 

distribution 

BML 

reduced  magnetic  radiative 
transition  probability,  B (ML ) 

DT  BAL 

detailed  balance 

BREAKS 

levels  located  by  "breaks"  in  the 
yield  curve 

E 

electron 

E / 

inelastically  scattered 

BRKUP 

breakup 

electron 

BRMS 

bremsstrahlung 

E+ 

positron 

BTW 

between 

EDST 

energy  distribution  or 
spectrum 

C 

continuous.  Used  to  describe  a 
photon  source  or  a detector 

E/N 

used  only  to  indicate  a coinci 
dence  experiment  as  in  (E,E/N) 

585 


EMU 

EXCIT 

F 

FMF 

FM-1 

FRAG 

G 

G/ 

G-WIDTH 

HAD 

HE 

He3 

I NT 

INC 

ION 

ISOB 

ISM 

J 

JPI 

J-PI 

K • 


N stands  for  any  outgoing 
particle  measured  in  coinci- 
dence with  an  inelastically 
scattered  electron.  Distin- 
guish from  eg.,  (E,N)r  which  is 
used  to  represent  an  electron 
induced  reaction  when  only  the 
outgoing  particle  N is  detected. 

emulsions  (photographic  plates) 

excited 

fission 

form  factor 

inverse  femtometers 

fragment 

photon 

inelastically  scattered  photon 
gamma-ray  transition  width 
hadrons,  hadron  production 
^He  particle 


interaction,  integral, 
intensity 

includes 

ionization  chamber 
isobaric 
i somer 

multiplicity  of  particle 
defined  by  following  symbol 
e.g.  ( G ,PJN ) with  remark 
J = 2, 3, 5, 7 

spin  and  parity  of  a nuclear 
state 

second  multiplicity  index,  e.g. 
(G,JPKN)  with  both  J & K posi- 
tive integers  greater  than  1 


KE 

L 


LFT 

LIM 

LY  ,LVS 

LQD 

MAG 

MEAS 

MGC 

MGP 

MOD 


MSP 

MULT 

MU-T 


N 


kinetic  energy 

may  be  an  integer  or  zero 
that  always  follows  a reaction 
product  symbol.  This  is  used 
to  indicate  transitions  to 
specific  states  in  the  residual 
nuclide.  When  the  letter  is 
used  as  in  (G,NL)  the  cross 
section  given  is  that  for  the 
sum  of  transitions  to  two  or 
more  specific  final  states. 

excited  state  lifetime 

1 i mi  t 

level,  levels 
1 iquid 

magnetic  spectrometer 
measurement!  s) 

magnetic  Compton  spectrometer 

magnetic  pair  spectrometer 

moderated  neutron  detector  not 
employing  a BF3  counter,  e.g. 
rhodium  foil,  Szilard-Chalmers 
reaction,  ^He,  6Li  reactions, 

GD  loaded  liquid  scintillator, 
etc. 

mass  spectrometer 


■ 

I 

I 

I 

I 

P 

I 

I 

I 

I 

I 

II 


multiple,  multi  pole,  multiplicity 

used  only  in  combination  with  G ! 
to  indicate  a total  photon 
absorption  cross  section  measure-  , 
ment,  i.e.  (G,MU-T) 


neutron  (see  also  XN  and  SN). 
The  notation  (G,N)  is  used  to 
indicate  a reaction  in  which  only 
a single  neutron  is  emitted,  i.e. 
the  reaction  that  can,  in  many 
cases,  be  measured  by  observing 
the  radioactive  decay  of  the 
residual  nuclide. 
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nN 

where  n is  any  integer.  (G,nN) 

SN 

sum  of  neutron  producing 

indicates  the  sum  over  all 

reactions,  a( y,SN)=a(y,N) 

reaction  cross  sections  in  which 

+ a (y  ,NP ) + a (y ,2N ) + a(y,3N) 

n neutrons  are  emitted. 

+ etc. 

NAI 

Nal(Tl)  spectrometer 

SPC 

photon  or  particle  energy 
spectrum 

NEUT 

neutron! s) 

SPK 

spark  chamber 

NOX 

no  cross-section  data 

SPL 

spallation 

P 

proton  (see  also  XP) 

STAT 

statistical 

PART 

parti  cl e(s) 

SYM 

symetric,  symmetry 

PHOT 

photon( s) 

T 

triton 

PI 

pion,  usually  written  as  PI+, 
PI-,  PIO  to  indicate  charge 

TEL 

counter  telescope 

POL 

polarized  or  polarization 

THR 

threshold  for  reaction  or 
threshold  detector,  e.g.. 

Q-SQUAR 

momentum  transfer  squared  (q2) 

2^Si ( n , p ) 29ai . 

RCL 

recoi 1 

TOF 

time-of-fl ight  detector 

REL 

relative 

TRK 

tracks  of  particles  or  frag- 
ments observed  in  solid 

RLI 

relative  integrated  cross- 
section  data 

TRNS 

materials  (glass,  mylar,  etc.) 
transi tion 

RLX 

relative  cross-section  data 

UKN 

unknown 

RSP 

reaction  spectrometer 

UNK 

RLY 

relative  yield  data 

VIB 

vibrational 

SCTD 

scattered 

VIR  PHOT 

virtual  photon(s) 

SCD 

semiconductor  (solid  state) 
detector 

XH 

all  neutrons,  total  neutron 
yield,  cr(y,XN)  = a(y,N)  + 2 a 
(Y,2N)  + 3<j(y,3N)  +c(y,NP)  + etc. 

SCI 

scintillator  detector  other  than 
Nal,  e.g.,  Csl,  KI,  organic 

XP 

all  protons,  total  proton  yield 

TTTquid  or  solid),  stilbene,  He 

c(Y,XP)  = a(Y,P)  + cr(y,NP)  + 
2cr(Y,2P)  + etc. 

SEP 

separation 

XX 

reaction  products  defined  in 

SEP  ISOTP 

separated  isotope  used 

XXX 

REMARKS 

SIG 

SIGMA  (cross  section) 

YLD 

yield 

I 

a 
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4PI  a 4 it  geometry  was  used  or  a 

method  like  radioactivity  or  a 
total  absorption  measurement 

999  energy  defined  in  REMARKS  * or  @ 

$ indicates  the  measurement 

involved  beams  or  targets 
that  were  either  polarized 
or  aligned,  or  that  the  polar- 
ization of  the  reaction 


products  was  determined. 

The  polarized  particle  is 
indicated  in  REMARKS. 

symbols  used  to  indicate  that 
the  units  associated  with  the 
numerals  orr  one  or  both  sides 
of  the  symbol  in  a specific 
column  are  not  MeV.  The  units 
are  defined  in  REMARKS. 
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